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In the present study, a wavefront shearing interferometer (WSI) is
developed and applied to the on-axis testing of lenses. The simple
cube interferometer has all the interferometric adjustments built in
during assembly. In contrast to most interferometric test systems, the
WSI is inexpensive, portable, relatively insensitive to vibration,
does not need laser illumination, and requires only a minimum of
experimental time and operational expertise.

Scanning the interferograms and subsequent data reduction are the
major effort in testing with the WSI. A computer program for reducing
input fringe data to the pupil function, OTF, and aberration
coefficients is described; a program to plot the pupil function and

*OTF 1is 1included. Also, a computer program for deriving fringe
locations from density data obtained with automatic scanning of the
interferograms is described. Sample outputs of the computer programs
are given. |

~N

Aberrations introduced by the cube interferometer, which 1is
equivalent to a glass plate, are determined. Corrections are
automatically made in the computer program for spherical aberration.
Defocus can be compensated during testing. Asymmetrical aberrations
for test systems greater than f/5 are less than 0.05 wavelength if

the cube face 1s aligned normal to the test-system optical axis within
1/2°,

Results of testing two £f/8.7 collimators and an f/8 OTF Standard
Test Lens on the WSI are presented. These test results show that one
collimator is highly aberrated and the other collimator is nearly
diffraction limited. For the OTF Standard Test Lens, the WSI test
results are compared with other published test results.

All of the present tests are on axis. Alignment of the lens is a
critical factor in determining the on-axis performance and repeating
test measurements. Present testing techniques have resulted in root-
mean-square differences of less than 0.04 wavelength.
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PREFACE

This report describes a wavefront shearing interferometer system
for testing lenses. In addition to the test system and representative
data, a complete data-reduction procedure for the resulting
interferograms is described. This system can be used to evaluate the
in-situ performance of large diameter collimators located at Alr Force
facilities.

| This effort was administered under direction of the Air Force
Avionics Laboratory, Dayton, Ohio. The program monitor was Mr. William
C. Martin,

Special acknowledgement is made to Richard E. Swing for technical
consultation and to Geraldine Hailes for computer programming. The
theoretical analysis and the development of algorithms used 1in
computer programming were done by Diana Nyyssonen. The experimental
portion of the program, the major part of the written draft, and
program management were the responsibility of John M. Jerke.
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1. TINTRODUCTION

Optical testing 1s a necessary step in the design, evaluation and
acceptance of cptical systems. As a major procurer of lenses, it is
important that the sponsor have a viable technique for accurate
testing. A standard approach to optical-systems evaluation 1is the
measurement of the optical transfer function (OTF). Mathods of
measuring the OTF generally fall into one of the following categories
(1,2,3]: (1) spatial-frequency analysis of the image of a target of
known content; and (2) 1interferometric determination of the pupil
function from which the OTF and spread function may be calculated.

Although most commercially available OTF equipment is based on the
first method, the use of targets for frequency analysis is subject to
nurarous errors. These systems use edges, sine waves, square waves,
or slits as either object or scanning aperture. The system is assumed
to be incoherent and, therefore, the ratio of the frequency content of
the image to that of the object for each frequency yields the
modulation transfer function (MIF) of the system without ambiguity.
The phase portion of the OTF, or phase transfer function (PTF), 1is
generally determined by measurement of the shift of the image with
respect to the object. The accuracy of this method depends on exact
knowledge of the transmittance functions of the object and of the
scanning aperture. The accuracy also depends on the relative
incoherence of the system and, for determining the PTF, depends on the ;
ability to accurately detect small image shifts. For frequencies
under 100 cycles/mm, it is not difficult to meet these requirements;
however, as the frequency increases, it becomes more difficult to meet
them, As the targets of scanning apertures become smaller, analysis
of their frequency content depends on microdensitometry. This 1is
presently a very inexact method for determination of the transmittance !
function of small objects, due mainly to the nonlinear effects of the
instrument [4]. With 1increased frequency, the relative incoherence
(and linearity) of the system becomes more difficult to assure. Also,
detection of small image shifts becomes more difficult when measuring i
the PTF. For these reasons, high-frequency system analysis favors the §
improved accuracy of interferometric measurement,

Interferometric testing basically measures the pupil function of
the system. From the pupil function, a wealth of other information
such as the aberration coefficients, the OTF and the spread function
may be obtained to satisfy the particular 1interests of the systems
user [4,5,6]. The pupil function, which cannot be extracted from
frequency analysis of an object, 1is the fundamental quantity of
interest when dealing with cascaded optical systems [7] as well as
systems employing partially or fully coherent 1llumination ([8].
Measurement of the pupil function is, therefore, necessary to properly

evaluate systems of these types and to make accurate predictions of
performance,

B e T ey TR S S T o L e




e e e A ———-— o

Most interferometric testing systems are expensive, time consuming
and require operational expertise. The wavefront shearing
interferometer (WSI) which was chosen for development under the
present study eliminates some of the undesirable features of wmost
interferometric testing systems. Since nmost of the interferometric
adjustments are built in at manufacture, the WSI is easy to use with a
comparatively short time required for experimental measurements. The
WSI is also portable and may be set up quickly on most optical
benches. It does not require laser illumination and is relatively
insensitive to vibration. In addition, the WSI 1s inexpensive to
manufacture and install,

The WSI interferograms cannot be directly interpreted, upon simple
inspection, in terms of wavefront aberrations [9]. Hence, the major
portion of time and cost in routine operation of this system involves
data reduction and analysis. However, with the availability of high-
speed computers and fast methods of data accumulation and reduction,
the WSI system becomes an inexpensive and reasonable choice for lens
testing.
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II. DESCRIPTION OF WSI

The major component of the wavefront shearing interferometer
system described in this report 1is the cube interferometer of Saunders
(10]. As shown in figure 1, this cube represents a compact form of a

- Michelson interferometer. Figure 1l(a) and figure 1(b) show a

schematic and photograph of an assembled WSI cube. The cube consists
of two identical 45°-90°-45° prisms cemented along their hypotenuse
faces, one of which is coated to transmit and reflect partially. A
heam entering the cube is amplitude-divided, and the angle between the
axes of the two emerging beams 1is adjusted to a fixed value ¢ by
rotating one prism relative to the other about an axis normal to the
beam-dividing face. This rotational adjustment 1s made when the
prisms are cemented together. In addition, the zero-order fringe
position 1s permanently adjusted to lie in the center of the cube,
thereby assuring equal optical paths for the two beams 1in the
interferometer. Equal light paths allow the use of relatively broad-
band spectral sources, rather than restricting the use of the WSI to
lasers. A discussion of cube parameters is given in section VI.1l, and

the assembly and adjustment of the WSI cube are discussed in appendix
EI

The WSI cube may be used for testing lenses at either finite or
infinite conjugates as shown in figures 2 and 3, respectively, The
test system shown in figure 2 18 a single-pass system. For infinite-
conjugate testing, the test system may be used in a single or double-
pass mode as shown 1in figures 3(a) and 3(b), respectively. In the
arrangements shown in figure 3, a high-quality collimator or mirror is
used. If a nearly diffraction-limited collimator or mirror is not
available, then the aberrations in the collimator or mirror must be
measured and removed from the WSI test data. An alternative, which
requires no additional optics, can be used for infinite-conjugate
testing of lenses with relatively short focal lengths. In this
alternate approach, the pinhole light source is located at a distance
from the test 1lens greater than the lens hyperfocal distance (about

twenty or more times the focal length); this test system is single
pass,

In all the test systems, the WSI cube is placed in the
beam near the image of the light source. Hence, the cube may be
treated as an element of an image-forming system. The size of the
point source is determined by the degree of coherence required to
produce fringes of good contrast. Since coherence is also a function
of the propagation distance, shorter-conjugate testing requires
smaller 1light sources and vice versa. For recording the
interferogram, an auxiliary lens relays the interference pattern onto
the film plane. A stable optical bench forms the basis of the test
system; one right-angle arm is required for a single-pass system, two
are required for a double-pass system., All elements of the test
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(a) Schematic of cube; A and B are 45°- 90°- 45°
prisms and ¢ is shear angle.

(b) Photograph of assembled cube and cube in holder.

Figure 1.- WSI cube.
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system are standard optical equipment with the exception of the cube
interferometer and the test-lens nodal slide that has a 90° rotation
adjustment about the test-lens optical axis. An alternate procedure
to rotating the test lens is to rotate the cube, auxiliary lens, and
film plane as a wunit about the test-system optical axis. This
alternative requires a suitable rotating fixture.

LM
PLANE

AUXILIARY
LENS
TEST LENS

cuBt

PINHOLE

Figure 2.- WSI system for finite-conjugate lens testing.

INTERFEROMETER




COLLIMATOR
INTERFEROMETER
CUBE

TEST
PINHOLE LENS

AUXILIARY
LENS

(a) Single-pass mode.

PLANE

MIRROR PINHOLE

e e
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CUBE
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|
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/ |
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(b) Double-pass mode.

Figure 3.- WSI system for infinite-conjugate lens testing,
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1II. ANALYSIS OF OPERATION

As noted earlier, the cube interferometer operates by amplitude
dividing the incoming wavefront into two equal parts and introducing a
small angular shear ¢ (approximately 4 to 40 mrad) into one of the
beams. For a cube consisting of 45°-90°-45° prisms, the pivot points
of the rotation 1lies in the plane of the back face of the cube as
shown in figure 4. With the cube placed near the focus of a converging
beam, a small amount of lateral shear %9 is also introduced. Only
for short focal length lenses, however, does the lateral shear become
a significant portion of the total shear 2¢ + zz¢.

Let the wavefront at the exit pupil cf the test lens be given by

2+ 2
F(x,y)exp { -1k EY 4+ olx,y) 1)
2x2

where x and y are Cartesian coordinates in the exit pupil, z, 18 the
radius of the reference sphere [11], F(x,y) 1s the amplitude
transmittance of the exit pupil, ¢(x,y) is the aberration function or
deviations of the wavefront from the reference sphere, and k = 2n/).
The pupil function 18 defined as the complex quantity obtained by
removing the reference sphere from equation (1), viz

[y

F(x,y)exp [-ik v(x,y)]. ' (2)

In the present investigation, the amplitude transmittance is
considered to have a constant value of unity over the exit pupil.
Pupil functions with nonuniform amplitude can also be treated using
the methods of the present investigation; only minor changes in the
computation scheme for the pupil function and OTF would be necessary.
However, in most cases of practical interest, the variation of the
amplitude is very small and can be considered constant.

The WSI 1interference pattern, as seen in the exit pupil of the
test lens, has the form

L(x,y) = |F(x,y)|2 + |F(x-£¢-zzo, y)|2 + 2|F(x,y)F(x-20-2,9, y)]|

2
R .

x 712(1) cos
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Figure By ™ Typical WSt Lnterfcrogram.
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where 712(1) is the degree of coherence [12] between points on the
overlapping wavefronts, and &, ¢, and z, are parameters of the system
as shown in figure 4. This form of the interference pattern was
derived in previous reports [13,14] and is given here in the more
general form to account for variations in the amplitude of the pupil
function. The interference pattern —consists of straight-line
reference fringes of frequency k&%/z, with local displacements of
o(x,y) - o(x-26 - 25 ¢, y) where the shear has been taken in the
positive x-direction and the displacement of one wavefront with
respect to the other is 2¢ + x99 (shear distance). A photograph of a
typical WSI interferogram is shown in figure 5. Since a single
interferogram yields information only in the direction of shear, two
interferograms are required with shear in orthogonal directions 1in
order to determine the pliase of the pupii function ¢(x,y).

9/10




IV. DATA REDUCTION

The basic data from the WSI system are contained in the two film
transparencies of the interference patterns which result from shearing
the test-lens wavefront in each of two mutually perpendicular
directions. In the present study, these interferograms are
enlargements of the fringe patterns photographed with a 35-mm camera
in the test set-up. In processing and exposing the enlargements, an
effort 1is made to preserve the maximum detail in the film-density
variation at the fringe peaks to permit a more accurate determination

of their position. A detailed discussion of interferogram quality 1is
given in section VIII.3,

The 1interferograms were scanned to locate the fringe peaks either
manually using a GCrant Comparator or automatically with an Optronics
Photoscan P-1000 microdensitometer [15]; one of these automatic
digital microdensitometers has also been installed at the sponsor's
facilities. When scanned automatically, additional data reduction is
required as described in section IX.3 and appendix C. The fringes
are, therefore, described by an array of numbers (Pi » X44 Y19 ) where
P1j is the integer order of interference associated wité the fringe
peak located at (xij, Yij) in the scanning-device coordinate system.

The two 1interferograms, or frames, representing the wavefront
sheared in orthogonal directions must be oriented in the scanner so
that the resulting fringe-peak data can eventually be registered in a
common coordinate system. The direction of scanning is generally
along the shear direction, and, therefore, the fringe-peak
coordinates in one frame must undergo a coordinate transformation to
account for a 90° lens rotation or a 90° cube rotation. Fiducial
marks must be used to either align the interferograms for scanning or
to correct the resulting scan data, thereby reducing registration
errors. A discussion or registration errors is presented in section
VIII.3, and a technique for registration is given in appendix D,

Given the fringe-peak location array (Pi » Xg4s V4 ), computation
of the pupil function is based on equation § It we set the
argument of the cosine equal to the order of interference p(x) for any
point in the aperture, we get

2
k2ox _ ké:dv) +k (x,y) = k (x-20-2,0, y) = 21p(x) (4)

“2 2

with a similar equation for the y-sheared interferogram. In order to
solve for ¢(x,y), a set of such equations must be generated for a
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regular array of points (Xp, Y,) as shown in figure 6. Since only
fringe peaks can be located accurately, this requirement necessitates
fringe-order values p(x) to be interpolated at the selected
coordinates (Xp, Yp). Using the available data for fringe peaks
corresponding to integral order numbers, an interpolation scheme based
on a spline fit [16], which fits a changing third-degree polynomial to
adjacent data points, was chosen. This 1interpolation method is
analogous to reading points from a smoothed curve drawn with a
draftman's spline passing through adjacent data points. Because a
spline fit makes the first and second derivatives continuous as well
as the function, this interpolation is more satisfactory than a linear
or second-order interpolation technique whenever the pupil-function
variations are large compared to the data-sampling interval. When the
variations are small, these methods produce equivalent results. Since
fringes do not occur in the 1lune area of the interferogram,
interpolated fringe orders are not available for grid points common to
the 1lens aperture and the lune area; rather than extrapolating fringe
orders into the lune area, the calculated pupil function is eventually
extrapolated into a small portion of this area where values are not
available from solution of the following equations.

If we let the spacing of the grid points be equal to the shear
distance ¢ + 2,¢ and

X, " x/(29 + 256) = m + constant

and (5)
Yo = y/(4% + z2¢) = n + constant

where m an n are integers, then equation (4) reduces to

(%%—)m(lo + z3¢) + constant + ¢(Xp, Yn)/2 - (X _;» Yn)/A = plXy). (6)
2

1f we denote the ratio of shear distance to reference fringe spacing
as (20 + z,9)

NS )
9

R =

Equation (6) reduces to
e(X s Y )/X - @X _,, ¥ )/A = p(X ) - Rm + constant. (8)

A similar equation results for the same grid points in the y-sheared
interferogram, 1f we define p(Xm) - Rm as the 1interpolated fringe-

12
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order deviations Q; , for the grid points (Xm» Y,) and similarly
define p(Y,) -~ Rn as Qm,n for the y-sheared Interferogram, we have a
set of equations

w(xmo Yn)/k - (xm

-1’ X

Y /N = Q0 q T K
9

wX s YN = (X, Y )/N=S o+ K,

’

for each grid point with two unknown constants Ky and Ky for the whole
array. For most grid points, a pair of such difference equations
erists, always resulting in more than enough equations to solve for
¢(Xn, Yq); where more than one equation applies to a grid point, the
equations are summed so that all data are used.

The set of differepce equations is solved by first assuming that
the pupil-function phase is zero at some grid point, preferably near
the center of the aperture. The equation for each grid point is then
solved snrcccssively from this point outward; the unknown constants Ky
and Ky will introduce a linear phase term if the solution path 1is
outward from a point in the aperture. For computation of the OTF, a
linear phase term will not affect the results [17]. However, 1if the
function e(Xp, Yq) 1is expanded 1in a ploynomial with terms
corresponding to common lens aberrations, the linear phase term will
automatically be 1solated and may be removed from a plot of
the wavefront. This method of solution was adopted after it was
shown that {terative techniques such as that used by Saunders and
Bruening [18] did not converage properly near the edges of the exit
pupil. Combining the set of equations as in equation (9) results in
far fewer equations than unknowns and, thus, requires more boundary
conditions than the single, zero-value reference point used in the
present investigation.

The 1lens aberrations are determined by least~squares fitting the
polynomial containing the appropriate aberration coefficients to the
computed  ¢(Xy, ¥Yn). The least-squares fittiwg requires the
minimization of the square of the difference between the input
wavefront based on interferometric data and the analytic wavefront
described by the twenty-three term polynominal in X and y, viz,

23

2 T 2

b { T [wi(x.y) = b P (x,y), ] } =0 (10)
n=1

where P_(x,y) is the set of polynomials describing the

aberrations, and b 's are constant coefficients. In the present

investigations, the pupil-function values that were determined by
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setting (X?, Y,) = 0 for one grid point and successively solving
equation (9) were then substituted into equation (10). Various
polynomials may be wused, including a power series 1in Cartersian
coordinates or polar coordinates [19]. The terms in the series are
frequently grouped so that they may be identified with particular
aberrations. The series used here is similar to that of reference 20
and for axial images contains the terms shown in table 1(a). An
alternate polynomial of the form

m,n

may be used as in the current USAF Lens Design Program FROLIC. The
equivalent relationships between these coefficients and those used on
the present study are given in table 1(b). Although these twenty-
three terms do not include all the terms resulting from a general
eight-order power-series expansion of the wavefront, the terms
corresponding to third and fifth-order aberrationg such as coma,
astigmatism and seventh-order spherical aberrations, which are
commonly treated in lens design, have been included. After determining
the bp's of the aberration coefficients from equation (10) by use of
matrix theory, the resulting analytic wavefront or pupil function
expressed in actual lens coordinates can be written as

23 i
o(x,y) = Z ann(x.y) (11)

n=1

from which the constant term by, the x-tilt term byx, and the y-tilt

term byy are subtracted to give the pupil function with respect to the

exit-pupil plane. This data reduction is performed by the computer {
program described in appendix A.
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TABLE 1. - ABERRATION TERMS FOR WSI DATA REDUCTION

AND COMPARISON WITH TERMS IN USAF LENS
DESIGN PROGRAM FROLIC

(a) ABERRATION TERMS

. e e e var——

n F‘n(r',e) F‘n(x,y) ! Type ' -
¥

1 constant constant constant

2 r cos 6 X X tilt 2

3 lrsine y y tilt .

Y r? x% + y? focus

5 r? cos 26 x2 - y2 0° astigmatism (3rd)

6 r? sin 26 2xy 45° astigmatism (3rd)

T r?® cos 6 x(x% + y?) x coma (3rd)

8 r3 sin 6 y(x? + y?) y coma (3rd)

9 r3 cos 36 x(x? - 3y?) x clover (3rd)

10 | r3 sin 30 y(3x?2 - y2) y clover (3rd)

11 (x2 + y2)2 3rd spherical

12 r* cos 26 - y¥ 0° astigmatism (5th)

13 | r* sin 26 2xy(x? + y?2) 450 astigmatism (5th)

i | r? cos ke x4 - 6x2y2 + yM

5 r* sin e Uxy(x2 - y?2)

16 r® cos 6 x(x2 + y2)2 x coma (5th)

17 r® sin o y(x2 + y2)2 y coma (5th)

18 rS 2os 36 x5 - 2x3y2 - 3xy" x clover (5th)

19 rd sin 38 3xty  + 2x2y3 - yd y clover (5th)

20 r® cos 56 x5 - 10x3y2 + 5xy*

21 r° sin 56 5xty -~ 10x2y3 + yd

22 ré (x2 + y2)3 5th spherical

23 r8 (x2 + y2)4 Tth spherical

- e TNy i oy
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TABLE 1. - CONTINUED

(b) COMPARISON OF COEFFICIENTS FOR FROLIC AND WSI

Polynomial term

FROLIC coefficient, Cm,n

b
n

1

0,0

05’0

17

| b

WSI coefficient,
b

b,

by + b,

07 + b9

D)y ¥ by + Dy
big * b1g * by
Lpy

bo3

b3

g

b8 + 3blO

2b13 + ubls

| Byy % By * By

by - bs
7 = 3y
2b16 - 2b18 - 10b
3.,
o,
bg - by
2,5 = by

2b17 + 2b19 - 10b

20
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TABLE 1.

(b)

- CONCLUDED

CONCLUDED

Polynomial term

FROLIC coefficient, c¢

m,n

WSI coefficient, bn

0,4
“1,4
2,4

i,y

B s By b

byg = 3byg + by
36,5

6b23
b17 -b

Dos

19 ¥ Py

Nb23

b23
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V. OPTICAL TRANSFER FUNCTION

V.1l. Computation

The two-dimensional optical transfer function (OTF) of a lens can
be written as the autocorrelation of the pupil function, viz,

O'I‘F(kx,ky) = -i—_/].exp{- -2-;—1" [ﬂ(x + kx,y + ky) - w(x,y)] }dxdy {12)
g

where ky and are reduced spatial frequencies, v is the region of
integration defined by the convolved aperture, and A is the area of
the exit pupil. In the present case, the phase of the pupil function
¢(x,y) is determined for grid points with a spacing of Ax and Ay;
therefore the reduced spatial frequency coordinates will be given by

k =m Ax
X

(13)
% ® b
g =W e

where Ax and Ay were both chosen equal to the shear distance, and m
and n are integers.

The evaluation of the OTF as given by equation (12) can be rather
inaccurate or time consuming if a conventional approach to integration
such as Simpson's Rule is employed. The difficulty arises from the
occurrance of a rapidly changing phase over a small region of
integration in the presence of lens aberrations. Other methods for
evaluating equation (12), such as those of Hopkins [21] and Barakat
{22], represent a tradeoff between accuracy and computation time. A
modification of the Hopkins method utilizing-the computed aberration
coefficients was chosen in the present study. :

Expanding the phase part of the pupil function in a two-
dimensional Taylor Series about the point (x,y), we can write

e(x + k oy + ky) - o(x,y) = kx[m] + ky [M]

ax dy

2 2 2
1 |k 2 () o) eXy) L 2 3 x,y)
2 x 2 Xy y 2
ox 9x3y ay

3 3
+-1. k3.a._ﬂ.’£11)_+3k2ki_ﬁ!&ll-..+...(14)
6 x 3 Xy

b ox ax" Ay

19




P

Substituting the polynomial representation of ¢(x, y), as given by
equation (11), into equation (14) we get

2
VR, yek. k) &5 23 b (e =ik -3—+5‘-2~—-"i
AL o S ) n\'x 3x © “ydy 2 2
n=1 &
)2 k2 2 k3.3
+ + B4 X 3
X'y 9xdy 2 ay2 3 ax3
52
+ k k 7+ .- .) P (x,v) . (15)
X n
ax dy

Therefore, equation (12) may be written as

OTF (k 1k ) = %/]exp [—21ri V(x,y,kx,ky)] dxdy (16)

wvhich 1is the integral to be evaluated. The phase of the pupil

g e

function was determined earlier at grid points (X;, Y,) with grid

s

spacing Ax. Over an elemental area defined by x = Xm + x/2 and y =

Yn + Ax/2, a two-dimensional Taylor expansion of V(x, y, kx’ ky) can

SRR e

be performed in which the first three terms determine the contribution

of that region of integration to a good approximation. Writing the

WL o ——

first three terms of the expansion about the point (Xm, Yn)’ we have

aV(Xm,Yn,kx.ky) ]

= (x-xm) ;

vm,n = V(x,y,kn,ky) = V(xm,Yn, kx,ky) +

BV(xm,Yn,kx,ky)
3y (y—Yn)- a7

+

-
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Therefore, the integral of equation (15) becomes

1
= =2ni V
OTF(kx,ky) (Ax)2 exp { m m,n}

2 v BVm 2
) 4 [ f exp {-2ni —S-E-‘—r-l- s (x—Xn) + -‘5;,-’—— . (y-Yn) dxdy.

After a change of variables and integration, we obtain

v
S » X _mn
O'I‘F(kx,ky) (Ak)2 exp { 2ni vm’n } X {sinc [21! , e v ]

i 2n EE-EXE*E
X sinc 2 Ty

where sinc x = (sin x)/x.

(18)

(19)

Assuming that the contribution of equation (18) for each elemental

area is accepted or rejected depending on whether or not it
within the region or integration, the OTF may be written as

v T
._l.zz 4 Ax  __m,n
OTF (km.ky) N oya exp { 2n1 vm,n}><gSh“: En W <

Ax avm n
X sinc | 2n = e

o

where N is the total number of grid points for which there are

lies

(20)

data

in the lens aperture. The reduced coordinates may be converted to real

spatial frequencies by the relations H, = kx/)\z2 and uy = ky/kzz.
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This method of computation of the two-dimensional OTF was found to
have superior accuracy especially for rapidly varying phase functions.
For 25 fringes (approximately 400 sampling points) the two-dimensional
OTF can be computed on the Univac 1108 computer [15] in less than two
minutes. The present approach determines the two-dimensional OTF for
all grid points (X;, Y,); computation time can be reduced
significantly by calculating only tangential and sagittal cross
sections of the OTF. While fast Fourier transforms [23] applied to an
equivalent two-dimensional array of grid points would reduce
computation time, the accuracy would not be equivalent without a
considerable increase in array size; optimizing the computation of the
OTF for both time and accuracy is under study.

V.2. Variation with Focus Position

As noted in equation (3), the nominal frequency ki$/z; of the
fringes seen in the interferograms is a function of the displacement £
of the cube backface from the test-lens focal plane. For a given
interferogram, the total distance & + z; is fixed by the test system.
This sum of £ + z2 must be measured and used to calculate the shear
distance AX which, in turn, i8 used in the data reduction. (See
equations (5)-(7).) The ratio of & to z;, however, may be arbitrarily
specified. The effect of changing this ratio would be to change the
frequency or spacing of the reference fringes from which the local
fringe deviations are measured. This change i1s equivalent to changing
the radius of the reference sphere [11] and thereby, the focus
position. The ratio of £ to 22 corresponding to a different focus
position would be substituted into equation (7); the resulting set
of equations given by equation (9) would be solved, and a new OTF
would be calculated.

An easier approach to calculating the OTF for a focus change 1s to
alter the pupil function computed for the original value of z;. To

describe the pupil function for a different focus position zé where
zg = zé + 4, we can rewrite equation (1) as

2 2
F(x,y) exp {-ik [(%ﬁ) +v(x,y)]} (21)

Since the reference sphere now becomes

2 " 2
exp {-ik -x——z—z—,l" 5 (22)
2/
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we regroup equation (21) in the form

2 2
F(x,y) exp!{ -ik (5——3¥3L— + f(x,y,0) + w(x,y)] } (23)
225
where
2 2 2 2
= X +v _ X + vy
£(x,y,8) 2(z] + 8) 7z} (24)
or
2 2
X ¢, 35 20 I
f(x,y,a) 2z' (z! + 4) (25)
252
Therefore, the new pupil function 1s given by ‘ §
x2 . 2
F(x,y) exp {-ik | [ZE==1 + ¢, (x,y) (26)
222 A
where
A(x2 # z%)__ .
WA(x,y) = @o(x,y) - 3 . (27)

] 1
222(22 + A)

Thus, if F(x,y) 1s known for any one focus position, the pupil
function for any other may be determined from equations (26) and (27).

The change of focus as expressed by equation (25) corresponds
to changing only the defocus term in the polynomial representation of
the pupil function,

A + ¥9)
Zzé(zé + A) (28)

(8b,) (x% + y°) = -
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where &by 1is the difference between the defocus coefficient obtained
from the original pupil function and the defocus coefficient
corresponding to a different focal position z5. The choice of 4,
which is the difference in focal positions along the optical axis, 1s
arbitrary, but should dcpend on the nominal depth of focus expected
from the test lens. The present version of the computer program to
reduce WSI fringe data has the option of incrementing the focus
position in fractional units of the Rayleigh depth-of-focus criterion
[24) given by
2

A =F [j-_ 3.2 (3,) (-z-j-) ] (29)

where F 1is the fractional value, a is the aperture radius of the test
lens, z; is the nominal focal length or image conjugate of the test
lens, and ) is the radiation wavelength. Using equations (27), (28),
and (29), the pupil function is computed. This procedure is repeated
for different values of A on both sides of the original focus position
z2 until the minimum value for the root-mean-square of the wavefront
is obtained. The resulting value of zé represents the optimum focal
plane.

¢

B Pl o Pl

o —

i
4
|
1




R ‘i e

VI. CUBE INTERFEROMETER

V1.l. Parameters

Since the cube is equivalent to a glass plate of dimensions t x t
x 2t, the relationship of the minimum cube dimension thin to f-number
of the system under test is determined by the focal position as shown
in figure 7. If the acceptance angle of the cube is u, then

f# = 1/(2tany). (30)
Using Snell's law, the acceptance angle becomes u' inside the cube and
sin u = N sin p' (31)

wvhere N 18 the 1index of refraction of the cube glass. Because the
beam i8 focused a distance L from the backface of the cube, the

relationship of maximum acceptance angle u' to the cube dimension is
given by

tan ' = ttizl (32)

Combining equation (30), (31) and (32) and letting the fringe spacirg
equal the shear distance (L = 1/92) yields

2 _ N2p2 2 2 sl
£p - St7 - N2t ZN§25/¢ + 622/84 (33)

The f-number versus tpip 1s plotted in figure 8 for several cube shear
angles with A = 546.1 nm and N = 1,46008, In general, the minimum
working distance (t-%) corresponding to the distance from the lens
surface or flange to focus, rather than f-number, is the 1limiting
parameter 1in selecting the proper cube for testing; however, this
limitation becomes significant only for high numerical-aperture, short
focal-length optics such as microscope objectives. i

The choice of shear angle for the WSI system is governed by the
number of fringes required and the f-number of the optical system
system being tested. The number of fringes M 1is given by the ratio of
lens diameter D to fringe spacing AF where D is related to f-number
and conjugate z5 by D = z5/fff, If we choose the fringe spacing equal
to the shear distance, then AF = 229 for z9 >> £ and combining these
expressions yields the relationship

¢ = 1/M £f, (34)
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for given shear angles ¢,
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If we let M equal 25 in equation (34), we obtain the values shown
in tcble 2(a) for the best choice of shear angles to be wused with
testing a wide range of optical systems. These values are based on
strajght-line, equally-spaced fringes characteristic of well-corrected
optical systems, fringe spacing equal to the shear distance, and z, >>
2; for highly aberrated lenses or in cases where the ratio 2/.; 1is
greater than approximately 0.1, it may be necessary to use a different
shear angle to produce 25 fringes. The choice of 13 mm for the cube
dimension exceeds the minimum requirements of equation (33) and
furthermore, it 1s not difficult to polish such cube surfaces to X1/10
flatness. Hence, the optimum choice of cube parameters is governed by
the quality of the test lens, its f-number, and focal length. For a
high-quality lens, table 2(a) represents a selection of cubes which
would satisfy most lens-testing requirements.

The parameters for the set of cubes delivered to the sponsor are
given in table 2(b). A comparison with table 2(a) shows thit the
optimum values of shear angles, or values very close to the optimum,
were obtained in fabricating the cubes for the sponsor. This set of
cubes should be adequate for testing most of the sponsor's optical
systems, such as collimators, with f-numbers down to about f/1 as
originally intended in this program. For these systems, 2z, >> % and,
therefore, the available working distance (t-£) will not be the
limiting factor as 1in the case of testing microscope objectives.
However, as discussed in the next section, several hundred wavelengths
of third-order spherical aberration may be introduced when testing an
f/1 system. The resulting fringe pattern for 25 fringes would exhibit
highly curved fringes, and the error in locating the fringe peak could
be significant. Even though the computer program would automatically
remove this large aberration from the data, it is not likely that a
measurement accuracy of even 0.0l ) could be maintained.

V1.2. Aberrations

Because the WSI cube is part of the imaging system as described
earlier, the effects of the cube on the test results are important.
The cube is equivalent to a thick glass plate of thickness 2t where t
is the length of a cube side. The path traversed by a converging beam
of 1light as it passes through a glass plate is illustrated in figure
9. 1If the faces of the cube are of interferometer quality and the
glass homogeneous, the increase in optical path length introduced by
the cube may be calculated from figure 9. Although it is known [25]
that a thick glass plate introduces defect of focus and spherical
aberration for the case where the optical axis is normal to the face

28




TABLE 2. - WSI CUBE PARAMETERS®

(a) GENERAL LENS TESTING

f—ng?ber Shear angle, ¢ Displacement, £ Minimum working distance
Sedt elaaat (milliradians) (mm) (mm)
11.0 3.6 42.1 not limited
8.0 5.0 21.8 not limited
5.6 7.1 10.8 2.2
4.0 10.0 5.46 7.54
2.8 14.2 2.71 10.29
2.0 20.0 ‘ 1.36 11.64
1.4 28.6 .67 12.33
1.0 40.0 .34 12,66
{ (b) ASSEMBLED FOR SPONSOR
i e Shear angle, ¢ Displacement, £  Minimum working distance
G8 (milliradians) (mm) (mm)
test element
11.0 3.6 ’ 42,1 not limited
8.0 5.7 16.8 not limited
5.6 7.8 9.0 4.0
4.0 10.0 5.46 7.54
2.8 13.9 2.81 10.19
Yy , 2.0 20.0 1.36 11.64
g 1.4 28.5 .68 12.32
5 1.0 40.2 .34 12.66

< 13-mm-thickness; 25 fringes; and A = 546.1 nm.
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Figure 9.- Schematic of convergent light beam passing through glass
plate of chickness 2t.
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of the plate and the beam is converging, the derivation was not
available in the suitable form to use as a correction to the pupil-
function data. Therefore, the optical-path differences were computed
for the general case which allows for both symmetric and asymmetric
aberrations.

From figure 9, we denote the optical path differences as
OPD = (Na + ¢ - b)/x (35)

where N is the index of refraction of the cube. For a ray with angle
of incidence 0 + @,

Na-—-Nt ]
cos(0' + @)

. |

b= sl s H) ) (36)

= t _ __cos(0 + 9) i
Spd g cos(® + @) [1 N cos(@' + @) ]

wvhere >
cos(@' + ¢) - Jl & &—M >

2

N (37)

y2 + (xcosf - zzsinﬁ)2

xz + y2 + zg

and sinz(O + @) =

Since we are not concerned with a constant increase or decrease in
path length, we adjust the optical path differences to zero at the
axis by subtracting (N2 - 1)/(N? - sin28)1/2, The resulting expression
for the optical-path difference 1is

o ) OPD = § N2 - 1) {[ N2 - gin2(0 + o)J‘1/2 = [N2 - sinzﬂ]-]'/z} . (38)

-
*'.hE

SR gﬁ% h*‘"‘:&ﬂx}f

)

i
e

x

=
“)‘.\‘
@?
e,
i
¥




The above expression for OPD may be used as an exact point-by-
point correction to the wavefront or may be curve-fitted to the
polynomial containing the various aberration terms. Using the
polynomial of table 3{(a), the terms were computed for a cube with t =
i3 mm and N = 1,46008 (fused silica at X = 546.1 nm). The aberrations
introduced by the cube are shown in figures 10 through 12 for a range
of test-lens f-numbers. These primary aberrations include defocus,
spherical aberration, coma, and 0° astigmatism, Other aberratiomns,
including higher orders of spherical, astigmatism, and coma, are not
significant for the given f~numbers and angles. These angular values
represent the angle between the test-syste” optical axis and the
normal to the entrance face of the cube.

If the cube 1s normal to the optical axis, only the symmetric
aberrations, defocus and third-order spherical, are significant.
Third-order spherical aberration becomes significant (greater than
0.1 )) when testing systems with f-numbers below f/8. However, defocus
is relatively large for most optical systems of interest. The defocus
introduced by the cube can be compensated during testing 1f the
recommended test procedure discussed ir section XI.3 1is fol)lowed. This
procedure requires that the null-fringe position be located by moving
the cube until an infinitely-wide dark or light fringe covers the
entire test aperture; at this position, the lateral shear 2% 1s zero.
The cube 1is then moved away from the null-fringe position to the £
setting calculated to produce a desirable number of fringes. If the
shear distance 1% + z9% used in scanning the interferograms is based
on this £ setting, then any resulting defocus in the focal plane at z
is due entirely to the lens. If this test procedure is not used, then
the data-reduction computer program may be triggered to correct for
the defocus introduced by the cube. (See appendix A.) Corrections for
third, fifth, and seventh order spherical aberration are automatically
made in the computer program. In the present version of the program,
the value for the index of refraction N of the cube i1s 1.46008 (fused
silica at X = 546,1 nm). For testing lenses at a wavelength other
than 546.1 nm, there will be a very slight error in the corrections
for aberrations since N varies slightly with wavelength.

If the entrance face of the cube is not normal to the optical axis
during the lens test, the asymmetrical aberrations of coma and 0°
astigmatism may significantly affect the test results. Figure 11 shows
that coma can be as large as 0.1 A for testing an £/5.6 lens whenever
the angle between the normal to the cube face and the test-system
optical axis is from 1° to 2°, Whereas, figure 12 shows that the 0°
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Figure 10.- Maximum values of defocus and third-order spherical aberration
introduced by 13-mm-thick WSI cube; A = 546.1 nm.
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astigmatism introduced by this cube misalignment would not be more
than about 0.015 ) for testing the f/5.6 lens. Corrections for these
asymmetrical aherrations are not included in the computer program.
Their magnitude would depend on a measurement  of the cube
misalignment, and the cube could just as well be aligned during the
measurement procedure. A simple technique for aligning the cube 1is
described 1in section X1.3; this approach permits cube alignment to
within 30 seconds which 18 sufficiently small to eliminate
asymmetrical aberrations greater than about 0.01 A for most lens
systems.

Other cube properties such as glass homogeneity and surface

flatness may also introduce aberrations. These possible sources of
error in the test data are discussed in section VIII.1.
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VII. AUXILIARY LENS .

The lens that relays the interferogram onto the film plane is
operating in a coherent mode and has its own pupil function; therefore
it 1t essential to know its effect on the measured fringe
displacements. It 1is preferable to use this relay lens as a
collimator placed a focal length away from the focus of the test lens.
The interference pattern will then be a plane wavefront, and
distortion will not be introduced for low f numbers.

In coherent systems, the complex amplitude distribution {is
propagated through the system, and the squared modulus of the result
yields the intensity distribution at the film plane. In the present
case, the complex amplitude distribution in one dimension
(corresponding to the direction of shear) is the sum of the two
sheared wavefronts at the exit pupil of the test lens and is given by

2
exp (1222 } %p(x) + o(x - 26 - z2¢)exp [-ik(2¢x - 22¢2/2)/22] } (38)
N

where the first exponential term represents the reference sphere and

¢(x) is the pupitl function of the test lens as given be equation (1).

If we 1let the expression in braces in equation (38) be denoted by

D(x), the squared modulus of D(x) yields the interference pattern (in

one dimension) of equation (3). Propagating the above distribution to i
the film plane yields an intensity distribution given by

2 2

s for AR
exp [_1_1_%__92_] dx du (39)

where the coordinates and parameters are shown in figure 13, K is a
constant, and G(u) is the pupil function of the auxiliary lens of i
focal length f. After simplifying,

1
2
B N
2 2 2 (40)

2 2
u 1 1 1 uw ikw'\ .
¥ exp{ik [—-—2 (; - "”sz < 5 ) +3 ]}du exp ( 55
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Since D(x) 1is slowly varying compared to the exponential in the x
integral, the Fresnel Integral may be solved by the method of
stationary phase [26]. After x integration by this method,

1% ; u2 uw isz 2
= ' - ———— - — —t— - ——
I1(w) K D < F G(u) exp |1k ( 35 + S > du éxp ( 25 ) (41)
The remaining u integral may be solved in the same manner yielding
wz, 2
I(w) =K"|D <--7;— ) G(u) (42)

For an auxiliary lens of uniform amplitude transmittance, the modulus
squared of G(u) is a constant, and we are left with !D[-(wzz)/fllz,
which is the desired interferogram inverted and scaled by the ratio of
z9/f. Hence, the aberrations of the auxiliary lens, other than distor-
tion, do not effect the measurement of fringe locations.
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. VIII. ERROR ANALYSIS

VITI.1. Cube Quality and Alignment

The quality of the glass prisms used in fabricating the WSI cubes
should be of interferometric quality and thereby, reasonably free of
bubbles, 1inclusions, and other scattering centers. ‘See appendix E.)
Scattered light will reduce fringe contrast, and these scatterers can
also appear on the final interferograms. Such patterns can result in
fringe-location errors, particularly 1if coherent illumination is used
for testing. In this respect, 1t 18 also important to keep the
{ entrance and exit faces of the cube clean. Furthermore, the index of

refraction should remain constant throughout the glass., Otherwise,
the optical paths for the two beams traversing the WSI may differ and
lead to a size difference in the two overlapping sheared images. The
| data interpretation requires that the two sheared images represent the
identical wavefront scaled to the same size, The flatness
l requirements (A/10 or better for 546.1 nm) on all prism surfaces used
to transmit or reflect light are necessary to limit wavefront errors
, which could not feasibly be separated from those of the test-lens. The

% assembled cube can be inspected for residual aberrations by techniques
] discussed in appendix E.

‘ There are additional aberrations such as defocus, spherical

aberration, and coma, introduced by the cube and discussed previously

i in section V1,2, These aberrations, in contrast to the material and
surface errors in the cube, can be calculated and removed from the
test data. It should be noted that for testing high-quality lenses
(aberrations less than 1 A) with f-numbers below about f£/2, the
defocus and spherical aberration become relatively large (greater than

J 100 A), and the resulting test data would be highly suspect. It 1is,

| therefore, generally recommended that the WSI not be used to test
optical systems with f/numbers much below about f/2.

The WSI cube should be positioned in the test system so that the
cube entrance face is perpendicular to the test-system optical axis,
Provided that the test lens is8 aligned with its optical axis along the
test-system optical axis, the cube entrance face is also perpendicular
' . to the test-lens optical axis. In this arrangement, no asymmetrical

aberrations will be introduced by the cube. The effect of cube mis-
. alignment is discussed previously in section VI,2, As noted in that 4
3 : discussion, it should be just as easy to align the cube to within a

few degrees as it is to measure the misalignment which is required if

a correction is to be applied to the wavefront. The only requirement

for the lateral position of the cube face in a plane perpendicular to 1

the test-system optical axis is to avoid clipping, or vignetting, of 3

the fringe pattern; no differences in fringe patterns should be

observed for different lateral positions of the cube provided that the

cube glass is homogeneous.
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VI11.2., Experimental

There are several possible sources of error in the experimental
set up. Those sources found to be important as a result of testing
several lenses include lens alignment, method used to obtain the
second or y-sheared interferogram, experimental parameters required as
input data for computer reduction of test data, and use of an
auxiliary lens to photograph fringe patterns.

A test-system optical axis must first be established for testing
lenses with the WSI, Alignment of the test 1lens along this test-
system is required to a high degree of accuracy in order to obtain
repeatable measurements of the OTF to within a few percent, This
requirement 18 particularly important when testing multi-element
lenses or collimators with a relatively narrow field of view, As an
example, repeated tests with an f/8.7 collimator realigned in a nodal
slide that could not be accurately positioned showed a variation of up
to 0.15 2 in the asymmetric aberrations, such as astigmatism. An
improved nodal slide resulted in a reproducibility of less than 0.05 X
in the wavefront. This level of precision was obtained even though
the lens was realigned for the y-sheared interferogram. The method
used to align the test lens is discussed in section XI,3.

The original approach to obtaining the second or y-sheared
interferogram was to rotate the test lens 90°. The nodal slide used '
for mounting the test lens did not maintain the initial lens alignment i
as the lens was rotated 90°, Therefore, the lens had to be realigned ]
after the 90° rotation. Successive tests in which the lens was re-
aligned showed non-repeatable values for astigmatism. The realignment
of the 1lens at the 90° setting most likely displaced the lens along
the optical axis and, therefore, introduced astigmatism. As a result,
a fixture which rotates the relay lens, film plane, and cube as a
fixed unit about the optical axis has been built and 18 used for
current lens testing; a photograph of this fixture is shown in figure
14, This fixture maintains the cube at a fixed 1location along the
optical axis during rotation. Furthermore, the ball-pivot assembly
for holding the cube permits the cube to be angularly realigned, witn
esgentially no linear displacement, in order to maintain the cube
entrance face normal to the optical axis for both the 0° and 90°
settings, It 18 not required that the axis of rotation for this
fixture be coincident with the test~system optical 'axis; as noted
earlier, a 1lateral movement of the cube during rotation should not
alter the fringe pattern if the cube material 1s homogeneous. The
effect of an angular error in the 90° setting of the fixture has not
been determined; however, for high-quality optics with pupil functions
that change very little across the aperture, an error of a few degrees
would probably have an insignificant effect on the test results. This
fixture also keeps the film plane at the same distance from the test
lens for the 0° and 90° settings, thereby reducing any magnification
changes in the x and y-sheared interferograms,
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The experimental parameters that are used as input values in the
reduction of the interferogram data are the cube shear angle ¢, cube
thickness t, radiation wavelength A, and the sum of % + z5. The shear
angle ¢ must be known accurately since an error in this parameter will
generate an error in the calculated shear distance ¢(E+zz) and,
subsequently, in the scanned fringe positions. The cube shear angle

can be measured to within + 0.05 mracd using the techniques described
in appendix E.

The cube thickness should be known to within + 0.1 mm. This
thickness is used to calculate the symmetric aberrations introduced by
the cube as discussed in sgection VI,2, For testing lenses with f-
numbers approaching f/2, these aberrations are significant and, there-
fore, an error 1ir cube thickness should be more important. For
example, an error in cube thicknesgs of 0.1 mm for a f/2.8 test lens
would give errors of about 2 A of defocus and about 0.04 X of third-
order spherical aberration in the aberrations removed from the fringe
pattern during data reduction. Considering that the defocus
introduced by the cube can be compensated by the experimental

procedure described in section VI.2, the remaining error would be
about 0.04 A,

The value of the radiation wavelength used to illuminate the test
lens is used throughout the data-reduction computer program such as in
solving the basi: equations for the pupil function and the aberrations

e introduced by the cube. (See equations (9) and (37), respectively.)
Although an assessment of errors in the wavelength value has not been
made it appears that the result of such as error would be to alter the

i magnitude of the pupil-function values and the OTF values., Provided
that a laser or an arc source with a filter of measured or known mean
vavelength 18 used as a light source, the wavelength value should not
be a source of errcr. Also, any filters used should produce a
spectral transmission function which 1s symmetricai about the mean
wavelength in order not to distort the cosfne finges.

1 The sum of £ + z, is measured directly from the test set up after
g positioning the cube at the axial position that will give the number
of fringes desired for scanning. (Sce figure 4.) The distance z; is

i the distance from the second principal plane of the test lens to the
focal plane. For testing a 1lens at infinite conjugates with a

\ collimated light source, z9 18 equivalent to the effective focal
length (EFL); however, when testing at finite conjugates with a

pinhole 1light source situated at a distance less than the hyperfocal

distance (about twenty or more times the EFL), z, is not equal to the

¢ EFL and must be measured.

For both testing modes, the second principal plane should be
physically located using a nodal slide; thus, the total distance & +
z9 could be determined by measuring from this plane to the backface
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of the cube. However, for infinite-conjugate testing, the EFL
furnished by the lens manufacturer could be used for z;; if this value
is incorrect, there will be an error associated with the pupil
function as discussed below. In either case i1f the defocus introduced
by the cube is to be eliminated experimentally, a separate measurement

of £ 1is required to position the cube to give the desired number of
fringes.

The refractive effect of the cube will lead to a slight error in
the measured value of the sum £ + z5 since this value should be mea-
sured totally 1in air. Consequently, there will be a slight error in
the calculated shear distance (AX = ¢(i+z,)) used for sampling fringe
data from the 1interferograms and an error in the resulting pupil
function. For most ienses, the shear-distance error would be
typically less than a few percent; furthermore, most pupil functions
are not rapidly varying over the shear distance, so the effect on the
calculated pupil function and OTF will be small.

VII1.3. Interferogram Quality, Scanning, and Registration

The errors introduced by the quality of the interferogram are
somewhat dependent on the mode of scanning and data reduction wused.
For any scanning method, a serious attempt should be made to produce
interferograms which have density variations approaching a cosine
distribution across the light or dark fringes, uniform density values
along the fringe peaks, absence of spurious fringe patterns, and are
relatively free of pinholes and other film defects. Some of these
factors can be controlled in the experimental set up, and others
during film processing.

Spurious fringe patterns can be largely avoided by not using a
laser for a test light source. As discussed earlier, the WSI cubes
are adjusted for chromatic compensation, and, therefore, a filtered
white-1ight source can be used. If a laser is uscd, special care must
be taken to clean all optical surfaces in the test system in order to
eliminate diffraction patterns arising from scattering centers. The
light source should also {flluminate the test lens ur: ormly so that

there will not be a significant variation 1in film de._ity along a
fringe peak.

It should be noted that zlthough the WSI 1is relatively insensitive
to mechanical vibrations and thermal drifts, these effects can still
affect the interferogram quality. For a test lens with a relatively
long z; value, mechanical vibrations and thermal drifts near the test
lens can result in a vibrating cr changing interference pattern. If
the vibrution or thermal sources cennot be eliminated, then short

exposure times, depending on the frequency of the disturbance, may
help to reduce the problem.
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If both light and dark fringes exhibit a flat density distribution
across the peak and valley, the Interferogram should be discarded,
and the 1interference pattern should be rephotographed. These flat
density distributions can result from the improper combination of film
and exposure times or in the processing used to make the enlargements
for scanning. However, for interferograms in which only the light, or
the dark, fringes exhibit finesse, these fringes can be scanned.

There are two types of errors wnich are dependent on the number of
fringes in the interferogram rather than the interferogram quality.
The first of these errors may be called the reading error RE and

defined as the scanner reading error € divided by the fringe spacing
AF in the interferogram, viz,

€
RE = % - (43)

For a given interferogram, we can write the fringe spacing AF as the
test-lens aperture diameter D (on the interferogram) divided by the
number of fringes M, viz,

iy T
WF e o (44)

Substituting equation (44) into equation (43), we obtain

- £
RE T (45)

For the manual scanner (Grant comparator), ¢ = 0,005 mm, D = 50 mm,
and typically M = 25; thus, RE = 0,0025 (units of wavelength). For
the automatic scanner (Photoscan P-1000), & = 0,050 mm, D = 100 mm,
and typically M = 25; thus, RE = 0,.0125 (units of wavelength).

The other error which is dependent on the number of fringes in the
interferogram is the fringe interpolation error. As discussed 1in
section 4, fringe-order values must be interpolated at coordinates on
a grid in orders to determine the pupil function. The interpolation
approach used 1in the data-reduction computer program is based on a
spline fit, For a lens which has a maximum wavefront error of 2 A
spherical aberration and a WSI interferogram with 22 fringes, the
interpolation error is less than 0.001 A. Although this error is much
smaller than the reading error discussed previously, it should be
remembered that the interpolation error for the spline fit will depend

on the type and magnitude of errore in the test lens and the number of
fringes in the interferogram,
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The scanning errors are, of course, directly dependent on the type
of facility used for interferogram scanning. The two basic methods of
scanning are manual and automatic. The manial approach usually relies
on & visual judgment of fringe-peak location, whereas the automatic
approach provides film-~density data that can be processed to determine
fringe-peak locations. The scanner propertles which bear directly on
the quality of the resulting data are resolution, accuracy,
reproducibility, and linearity. Since these properties vary widely
depending on the particular scanner and a general discussion of their
effects would be lengthy, it is not appropriate to include an analysis
in this report. The positional accuracy of placing the interferogram
in the scanner 1s also important, particularly since the data from two
WSI 1interferograms must eventually be registered. This registration

is discussed in appendix D, and the possible errors from registration
are discussed in the present section.

In order to determine possible differences in fringe data from the
automatic scanner (Photoscan P-1000) and the manual scanner (Grant
comparator) used in the present tests, interferograms of the same test

lens were scanned on each 1instrument, Since the size of the
interferograms used for the two scanning systems is different, two
pairs of enlargements were prepared from the original interferogram.
The resulting fringe-peak data from both scanners were scaled to the
actual lens coordinate system by using the appropriate magnification.
The magnification for each pair of interferograms was determined by
using an optical comparator to measure a scale appearing in the
interferogram; the scale was located near the test-lens exit pupil and
was photographed along with fringe pattern. The scaled fringe data
from the two scanners were plctted, and these plots were superimposed
to provide a direct comparison. These fringe patterns showed a two
percent difference 1in magnification., An alternate approach to
determine the magnification or each interferogram pair is to use a
microdensitometer to trace the scale in the interferograms; this
approach showed that the magnification difference can be reduced to
about 1 percent, In any event, a quantitative comparison of fringe
locations is not possible without scaling both sets of fringe data to
exactly the same size lens aperture. The comparison did show,
however, that the measured magnification can be a source of error in
the comparison of fringe data obtained on different instruments that
require different size interferograms. For this reason, both sets of

fringe data were reduced, and the results are shown in figure 15 and
table 3,




The data shown in figure 15 are for an f/8.7 collimator in the
plane of best focus. Figures 15(a), 15(¢c), and 15(e) are data reduced
from interferograms scanned on the automatic scanner, and figures
15(b), 15(d), and 15(f) are data reduced from interferograms scanned
on the manual scanner. A comparison of the aperture diameters in
figures 15(a) and 15(b) shows the 1l-percent difference in the
magnification used to scale each set of fringe data. A comparison of
the isocontours for the pupil functions in these two figures shows
that these distributions appear essentially the same. The root mean
square (RMS) of the difference of these two wavefronts normalized to
the same coordinate system was calculated to be 0.12 A. This
difference 1is probably due primarily to registration errors,
particularly in the data from the automatic scanner. The improved

registration technique discussed in appendix D should eliminate some
of these errors.

A  comparison of figures 15(c) and 15(d) shows only minor
differences in the MTF values resulting from the two sets of scanner
data, A comparison of figures 15(e) and 15(f), however, shows large
differences in the PTF values. The accuracy of these PTF values for
the upper spatial frequencies is not very high. The PTF is defined as
the arctangent of the ratio of the imaginary and real parts of the
OTF. As discussed in section V.1, the method used to computed the OTF
was found to have superior accuracy even for highly aberrated 1lenses,
i.e., lenses with a rapidly varying pupil-function phase., However, at
the higher spatial frequencies, the computational accuracy is reduced
since fewer points 1lie within the region of integration. (See
equation (20).) Moreover, for highly aberrated lenses such as the
collimator discussed in figure 15, the real and imaginary parts of the
OTF are very small and fluctuate in sign starting at the mid-range
spatial frequencies. Therefore, the calculation of the PTF involves
the ratio of very small and rapidly changing values, and the resultant
PTF exhibits large and rapid changes in both magnitude and sign as
shown in figures 15(e) and 15(f).

A comparison of the maximum aberration values for the manual and
au’: "... ¢ scanning in table 3 show that differences between the same
type of acvmmetric aberrations are less than about 0.05 A for most of
these terms. Only third-order y coma and third-order 45° astigmatism
show differences much greater than 0.1 A, As noted earlier, part of
the difference in the two wavefronts is probabily due to registration
errors, Such errors could result in differences in the 45°-
astigmatism term, (See section X.l.,) Although there are large
differences between the same type of symmetrical aberration for the
manual and automatic-scanner data, the difference in the net sums of
these symmetrical aberrations 1is only 0,04 XA. Therefore, the
differences in the aberration terms resulting from the two sets of
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Figure 15,- Comparison of test results for fringe data obtained from
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automatic and manual scanning of same pair of WSI interferograms;

£/8.7 collimator and A = 546.1 nm.
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TABLE 3. - COMPARISON OF MAXIMUM ABERRATIONS RESULTING FROM
| SCANNING SAME PAIR OF WSI INTERFEROGRAMS WITH
MANUAL AND AUTOMATIC SCANNERS?

[ Maximum aberrations, units of A
n Manual Automatic Type
4 -4.821 ~5.250 focus
5 - .1062 - .1314 0° astigmatism
6 .2080 - .0461 45° astigmatism
7 .6441 .1573 x coma (3rd)
8 - .3685 - .6316 y coma (3rd)
9 .2209 .1750 x clover (3rd)
10 - .1603 - .0934 y clover (3rd)
11 7.1699 8.3341 3rd spherical
12 .1365 .1378 0° astigmatism (5th)
- 13 | .1297 - .0020 45° astigmatism (5th)
! 14 .0336 .0101
| 15 .2568 .2698
16 - .1396 .0503 x coma (5th)
17 .3120 .3054 y coma (5th)
18 l - .0188 - .0727 x clover (5th)
19 | .1405 | .1033 y clover (5th)
20 . 1164 .0821
21 .0155 .0192
22 -3.8634 ~5.5946 5th spherical
\ 23 1.4013 2,3383 7th spherical

¥ f/8.7 collimator in plane of best focus; A = 546.1 nm.
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| scanning data are significant only for the asymmetric terms. It
should be noted that differences in a given aberration term for two or
more sets of data from different scanners or repeated scans on the
same scanner should not always be considered at face value., Even for
data from different lenses, the comparison of the same aberration
term may be misleading. The polynomial solution for the wavefront is
sensitive to random fluctuations in the fringe data, particularly for
the higher order terms. Random errors in the fringe-peak positions
can result from the scanner and noise in the interferogram.

Repeated scans of interferograms for an f/8.7 collimator were made
on the manual scanner in order to determine an over-all RMS value for
the scanning process. Resulting aberration values and RMS values for
the plane of best focus are given in table 4 for each of the three
repeat scannings, Except for the various orders of spherical
aberration, focus defect, and y-coma (third and fifth order), the
aberration values for the different scans do not differ by more then
about 0,05 A, The least-squares fitting of the data to the 23-term
polynominal 1s far more sensitive to the higher-order terms, such as
the fifth and seventh-order spherical aberrations; thus, their greater
variation for small differences 1in 1input fringe data is expected.
Furthermore, it is important to look at the net result of adding the
| focus defect and spherical-aberration terms since this total or

residual is more representative of the overall wavefront deviations.

Therefore, a comparison of the residual values of these symmetric
- aberrations as given in table 4(b) shows that the differences between
! repeated scans 1s about 0.01 X; cthus, the aberrations in this test
| l2ns are prirarily coma. A comparison of the RMS of the wavefront for
the plane of best focus in table 4(b) shows that these values do not
differ by more than 0.01 A. A better indication of the RMS for the
scanning process than either the RMS of the wavefront or aberrations
[27] 18 shown in table 4(c). This table gives the RMS of the
difference of two wavefronts from the repeat scannings. These values
| indicate that the repeatability for scanning process on the manual

scanner 1is about 0,02 X, A similar test is planned for the automatic
scanner.

interferograms requires that each interferogram be scanned parallel to

\ A the shear axis. Provided that this axis has been located and marked
. accurately on each interfergram, the interferogram should be placed in

the scanner 8o that scan axis 1is parallel to the shear axis. An
approach for accomplishing the proper orientation of the interferogram
i . in a scanner 1is described in appendix D. A modification to the
& computer software for reducing the data from the automatic scanner
could be made to include this approach; the modification would

probably be a correction to the fringe-peak data based on the angular

tilt of the 1interferogram. The primary aberration introduced by an

1 As discussed 1in appendix D, the proper registration of two WSI
l
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19 | - .0877 | - .0728 ; ~ .0840 Y clover (5¢p)
\ 20 - .0053 f - .0057 / - .0057
} 21 -~ .0165 f .0150 0156 | i
& 22 -1.2698 | ~2.3947 ~2.1077 Sth spherica;
f 23 6658 | ) 2664 1.1085 7th sphericq) j 3
B SN i | f
af/8.7 collimator In plape of besgt focus; ) 632.8 nm, ?’
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TABLE 4. - CONCLUDED

(b) RMS VALUES AND RESIDUAL SYMMETRIC ABERRATIONS

Scan 1 Scan 2 Scan 3
RMS 2/20.625 A/25.754 Al24.547
Residual
symmetric -.006A -.019A .017A
aberrations

a
béFa + bllpll + b22F22 + b23F23 where ann is the nth

aberration.

(c) RMS OF DIFFERENCE OF TWO WAVEFRONTS

Scan 1 and Scan 2 and Scan 1 and
Scan 2 Scan 3 Scan 3

RMS .017) .013X .023)




angular error in one or both of the interferograms during scanning 1is
45° astigmatism. For example, a rotational difference of about 1° in

the scanning orientation of the two interferograms could introduce
about 0.2 ) of third-order 45° astigmatism.

In addition to defining the shear direction on an interfervgram,
a fiducial system must differentiate between the x and y-sheared
interferograms and must show the positive or negative directions for a
coordinate system common to both interferograms. The registration o
discussed in appendix D includes both these requirements. The
magnitude of errors that would result from 1improper 1interferogram
identification or improper scanning direction have not been .
determined., Their values would depend, to a large extent, on the
l differences in the two interferograms, i.e., whether the test lens has
significant asymmetrical aberrations.




IX., AUTOMATIC SCANNER

IX.1 Description

A high-speed digital microdensitometer (Photoscan P-1000;
Optronics International Inc. [15]) was used for automatic scanning of
the WSI interferograms. This scanner incorporates an electro-optical
rotating drum which converts photometric data on film transparencies
to digital form for computer processing. Figure 16 is a photograph of
the scanner with a magnetic-tape transport unit. The sampling
interval 1in both the x and y directions can be set at 12.5, 25, or 50
um. For a film optical-density ranging from O to 2 or 0 to 3, a total
of 256 gray 1levels can be resolved. The following discussion of
scanner calibration and data reduction 1s not restricted to this
particular scan system; these procedures are generally applicable to
any automatic microdensitometer that can be used to scan WSI
interferogram transparencies.

The interference patterns obtained from the WSI test set up were
typlcally 1 to 2 ¢m in diameter on 35-mm film, In order to take
advantage of the scanner resolution and to present the fringe pattern
in a format suitable for scanning with the Photoscan System, it was
necessary to make enlargements of the original interferograms, Thus,
12.7 em x 12,7 em (5 {n. x 5 in.) transparencies with a nominal 9-cm-
diameter fringe pattern were made for scanning. The requirements for
high-quality film transparencies suitable for scanning have been dis-
cussed earlier in section VIII.3. It should be added that an effort
was made to limit the optical density of the enlargements to a value
of 3.0 (0.10 percent transmission) since this represents the upper
detectable gray level for the scanner.

During automatic scanning, a transparency 1is digitized 1into
density data over the entire selected scan window. For the typical
enlargement with a 9-cm-diameter fringe pattern and a sampling
interval of 50 um along both the x and y axes, a total of about 4
million density data are generated, and the scanning time is about 30
minutes. From these data, it is necessary to extract the following
two items: (1) test-lens aperture boundary with the sense of
orientation preserved; and (2) fringe-peak locations. As discussed in
the following subsections, the entire 4 million density values are not
required to extract this information. However, the resolution re-
quired to determine the fringe-peak locations essentially demands the
smallest available sampling interval across the fringe width. It 1is
desirable to interface a computer to the scanner to permit automatic
control of the sampling interval (both raster and aperture settings)
over the entire film transparency. Ideally, the WSI interferograms
would have to be scanned at only ahout 25 equally-spaced scans across
the fringes. The sponsor's Photoscan System is currently interfaced
to a mini-computer which permits the raster setting (along the

57

s s




y3itm 1932WO03TSUapoOIdT

+q1un 3xodsueil adea-
w Sujuueos-d13ewoine 3O ud

>139uBEW

g1803j0ud -°91 2In81d

-

I L7 V¥ ey



rotating drum axis) to be under program control; in addition, the data
from a single scan can be processed prior to the successive scan,

thereby dramatically reducing the total density data accumulated or
stored on magnetic tape.

[X.2. Calibration

Calibration tests to determine the resolution, density response,
and dimensional fidelity of the scanner should be made prior to
scanning 1interferograms. These tests were conducted on the Photoscan
System as installed at the sprnsor's facilities. It 1s further
suggested that these calibration tests be repeated during the future
use of the scanner to maintain proper performance.

A positive transparency of a resolution test cha:rt, such as the
1951 USAF tii-bar target [28] shown in figure 17, is recommended for
checking the scanner resolution. For the 12.5-um raster and aperture,
the test chart should have patterns with spatial frequences higher
than about 40 cycles/mm. The 1951 USAF target may include patterns
up to about 230 cyrles/mm as listed in table V. After scanning the
resolution test target, the resultant density data are inspected to

determine for which pattern groups the bars and spaces can be
detectec.

The density response of the scanner can be determined by scanning
a calibrated photographic step tablet such as those offered by the
National Bureau of Standards (NBS) {29]. These NBS tablets have about
20 dersity steps ranging from an optical density of 0.05 to 3.00 with
an accuracy of the larger of 0.01 optical density or 1 percent. After
scanning the step tablet, the resultant density data, or gray levels,
arz plotted against the calibrated density levels of the step tablet;
this curve should be linear over the entire density range of the

scanner. If the density response is not linear, the scanner should be
adjusted.

The dimensional fidelity of the scanner may be determined by
scanning a positive transparency of an orthogonal grid, The x and vy
coordinates of the intersectinns of the grid lines should be known by
an independent approach, such as an optical comparator, to better than
the expected position accuracy of the scanner. These known grid
coordinates are compared to those obtained from the scanner. Usually
the scanner data will have to be corrected for tilt since 1t is

difficult to align the grid to better than the positional accuracy of
the scanner.
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IX.3. Data Reduction

The computer program for reducing the density data obtained with
the automatic scanner is outlined in appendix C. Two subroutines
contained 1in this program locate both the test-lens aperture boundary
and the fringe peaks. These two data-reduction steps produce the
basic 1input data for the subsequent calculation of the test-lens
properties, and they comprise the major portion of computer time in
the reduction of automatic-scanner data; thus, both steps are
discussed separately in this section.

Of the &4 million data samples recorded with the 50-ym-sampling
intervals, one quarter are used to locate the test-lens aperture
boundary. Searching for specific information in a million samples is
time consuming even for a high-speed computer. Methods of wusing the
density variations in the photograph to identify the aperture boundary
are even more time consuming. Most of these techniques depend on
difrerentiation, autocorrelation, or other similar techniques. To
reduce the number of required operations in the search and to reduce
the possibility of errors, a method of punching small holes (about 1
mm in diameter) in the transparency at the beginning and end of every
fringe was adopted. These holes not only clearly define the boundary,
but also help to locate the fringe peaks and to assign fringe-order
numbers, A typical interferogram with these punched holes is shown in
figure 18(a).

The computer program searches for the holes by testing for density
levels less than a given threshold value. If such a value is found,
the scan 1s restricted to adjacent points, and all values below the
threshold are counted. Since noise or pinholes 1in the transparency
will sometimes result in values below the threshold, less than a given
number in such a count is considered to be noise and ignored; whereas
a sufficiently high count indicates that a hole has been located. The
average location of the values below the threshold is noted, and the
scan 1is continued over the entire transparency. The locations of the
holes are then sorted and paired as the beginning and end of a fringe.
After sorting the hole locations, they are curve-fitted to a circular
lens aperture.

From the 2,000 or more recorded scans obtained with the 50-um-
raster setting, those scans within the aperture, spaced at intervals
corresponding to multiples of the shear distance, are chosen for
locating the fringe peaks. Since only 20 to 30 scans are used, the
computer time required to perform this search is relatively short.
The fringe peaks are located in the following manner. By a process
which most nearly corresponds to differentiation, the approximate
location of a fringe peak is noted. Because of the noise in the
photograph and 1lack of finesse in the fringes, this operation is not
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(b) Plot of fringe -peak locations,

Figure 18, - Comparison of wsp interferogram with frin

ge-peak locations
obtained from automatic scanning
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sufficiently accurate. Therefore, in the region of the peak, an
interval of the scan corresponding to one cycle of the cosine is8 used
to perform an autoconvolution., The location of the peak of the
autoconvolution function corresponds to the fringe peak. The effects
of photographic noise are minimized by this technique which
approximates the operation performed by the operator using the Grant

comparator. This procedure is performed over all cycles of the scans
used.

The resulting locations of fringe peaks are then assigned order
numbers in the following manner. Since the holes corresponding to the
beginning and ends of fringes have already been sorted and the fringes
assigned order numbers in increasing values of x, the fringe locations
in the first scan are assigned the same order number as the hole to
which they are closest. Subsequent scans are compared with the
locations of peaks 1in the previous scan and assigned order values
similarly. If more than or.: peak location appears at the same order
number because of noise or other anomalies in the photograph, the one
which 18 c'osest to the previous x value 1s assigned that fringe
number and the other discarded. This technique works extremely well
for current interferograms. There is minimal noise in the interfero-
grams and seldom any real problem with incorrect choices of fringe-
order numbers., The only major problem in using this program has
occurred because holes were punched in the wrong place on the
interferogram. If the holes do not touch the fringe terminals, or are

displaced horizontally, the proper assignment of order number may not
be made.

Figure 18(b) 1s a computer-generated plot of the fringe-peak
locations from the automatic data reduction for the WSI interferogram
in figure 18(a). The location of the punched holes is also shown; one
of these holes is incorrectly plotted at the origin of the coordinate
axes, The two circles shown correspond to the sheared and unsheared
aperture boundaries of the test lens. In some areas, there are two
closely spaced values for a fringe-peak location. The additional
values usually result from noise in the interferogram, =such as
diffraction patterns from the aperture boundary or dust on the test
lens. An apparent fringe for which holes are not punched is also

shown; this fringe 18 only partially visible in figure 18(a) and was
not treated as useable data.
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| X. WSI FRINGE PATTERNS

X.1. Analytic Form

Discussions of shearing interferograms resulting from various
types of lens aberrations may be found throughout the literature [30,
31]. For the present cube interferometer, the general form of the
interferograms for shear in the x direction may be found by setting
the cosine argument of equation (3) equal to 2mp, viz,

xio | eGry) T V) (46)
A%, A ]\ P

where p 1s an integer corresponding to fringe peaks, x is the fringe
location measured from the center of the lens aperture, and the term
k(2®)2/222 corresponding to a small constant displacement of the
fringe pattern has been omitted. In order to simplify the solution of

equation (46) for fringe locations, we may rewrite it in a normalized
form, viz,

x + ¢ [w(x,y) - o(x-1, y)] = p (47)

where the 1ideal fringes are assumed to be at unit spacing (20/A22=
1), the shear distance is assumed unity (¢ + z9¢ = 1), and c 18 a

C
constant (c = fl; C1 = constant). A similar equation results for the
y-sheared interferogram.

From table 1(a), we can write an analytical form of ¢(x,y) for
specific aberrations. Subsituting this form of ¢(x,y) into equation
(47) and solving for x will give the fringe pattern for the x-sheared

interferogram. For example, with third-order x coma, equation (47)
bhecomes

x + cx (x2 + yz) - ¢ (x-1) [(x-l)2 + y2 ] =p . (48)

The y-sheared interferogram for this aberration is given by

¥

o

y + cx (x2 + yz) - cx [x2 -+ (y—1)2] =p . (49)

& Solving equation (48) and (49) for 2 N of third-order x coma gives the
3, fringe patterns shown in figures 19(a) and 19(b).

7“'*‘%;

B

& As arother example, consider third-order 0° astigmatism; for this
- aberration, we can write

- x + c(x2 - y2) -c [}x - l)2 - yz] = p (50)
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(a) x-sheared interferogram.

(b) y-sheared interferogram,

Figure 19.- Schematic of WSI interferograms for 2A of third-order x coma,
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for the x-sheared interferogram; and
2 2 2 2
y+c(x—y)—c[x-(y-1)]=P

for the y-sheared interferogram. Solving these equations for 2 A of
third-order 0° astigmatism gives the fringe patterns shown in figures
20(a) and 20(b). The resulting fringe are straight in both interfero-
grams, but the fringe spacing is different. - The other component of
astigmatism given in table 1(a), viz, third-order 45° astigmatism, also
produces straight-line fringes, but with different slopes or orienta-
tions in the x and y-sheared interferograms. The fringe patterns for

2 x» of third-order 45° astigmatism are shown in figures 21(a) and
21(b).

X.2. Test Cases

One approach to check the logic and accuracy of the computer data-
reduction program outlined in appendix A is to input data representing
a lens with a known aberration and compare the resulting pupil
function and aberrations with the input value. Consider a lens with

third-order spherical aberration; for this aberration, equation (47)
becomes

x+c(x2+y2)2-c[(x-1)2+y2]2=p. (52)

Since spherical aberration is rotationally symmetric, both the x and
y-sheared interferograms will be identical. Solving equation (52) for
x ylelds a cubic equation with real solutions at x = A + B where

#LJL»E,,Q.
2 4 27

A=
(53)
. ;/p__ "yﬂﬁ
2 4 27
and as= y2 + %
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(a) x-sheared interferogram,

(b) y-sheared interferogram.

Figure 21.- Schematic of WSI interferograms for 2A of third-order
45° astigmatism,
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Solving equations (52) and (53) for 2 X of third-order spherical
aberration gives the fringe pattern shown in figure 22. These fringe
locations were used as input to the computer data-reduction program.
The resulting maximum aberrations are given in table 6; also given in
this table are the maximum aberrations for the case of 1 A of third-
order spherical aberration. The pupil-function phases for these two
cases are shown 1in figures 23(a) and 23(b). The isocontours of the
MTF's are shown in figures 24(a) and 24(b); the two-dimensional MTIF's
are shown in figure 25(a) and 25(b). The isocontours of the PTF's are
shown in figures 26(a) and 26(b); the two-dimensional PTF's are shown
in figures 27(a) and 27(b). Tor these plots, wavelength is unity and
the radius of the lens aperture is 12 units; the spatial frequency 1s
normalized. For hoth cases, the computed pupil functions are accurate
to A/10%, The computed MTF's and PTF's agree with the calculations
of reference 32 to within plotting accuracy. Since spherical
aberration is symmetrical, as readily apparent from figure 23, there
should be no differences between the sagittal and tangential MTF's.
For the PTF's, there are large differences between the sagittal and
tangential values above 0.6 cycles/mm, These differences are due
primarily to computational inaccuracies as discussed in section 8.2

and do not signify a real difference in the sagittal and tangential
PTF's.
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Figure 22.- Schematic of WSI interferogram for 2\ of third-order spherical
aberration. (Dashed lines represent equally spaced, straight-
line reference fringes for aberration-free lens.)
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TABLE 6.~ MAXIMUM ABERRATIONS FOR TEST CASES OF 1\ and 2)A OF

THIRD-ORDER SPHERICAL ABERRATIONS?

of Miate  SPIRTEL S

spherical 2} spherical type

- .0010 .0014 focus

- .0000 .0002 0° astigmatism
.0000 - .0000 45° astigmatism

- .0017 - .0011 x coma (3rd)

- .0009 - .0010 y coma (3rd)
.0002 .0021 x clover (3rd)
.0043 .0013 y clover (3rd)

1.0065 1.9955 3rd spherical
.0000 - .0002 0° astigmatism (5th)

- .0000 .0000 45° astigmatism (S5th)
.0000 .0001
.0000 .0000
.0016 .0009 x coma (5th)
.0008 .0011 y coma (5th)

- .0003 - .0026 x clover (5th)

- .0054 - .0012 y clover (5th)

- .0002 - .0001
.0000 - .0015

- .0106 .0038 5th spherical
.0063 - .0016 7th spherical
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(a) 1A spherical aberrationm.

Y iMM]

% . (b) 2A spherical aberration.

Figure 23.- Isocontours of pupil-function phase for test cases of WSI

5 fringe patterns with 1A and 2A of third-order spherical
ﬁi aberration.
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Figure 25.- MIF for test cases of WSI fringe patterns with 1A and 22
of third-order spherical aberration,
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with 1A and 2A of third-order spherical aberration.
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X1. TEST SYSTEM AND PROCEDURES

The test system and experimental procedures used for testing
lenses in the WSI system have, to a great extent, been discussed
throughout previous sections, These items are collected in this

section to serve as a guideline in the set up and use of a WSI test
system,

¥I1.1. Testing Mode

As shown previously in figures 2 and 3, the WSI system can be
arranged for testing lenses at either finite or infinite conjugates.
Although the double-pass mode is the usual arrangement for infinite-
conjugate testing, this approach 1s not satisfactory for testing
relatively short focal-length lenses. For such lenses in a double-pass
mode, the available working distance 1s not long enough to allow a
pellicle or beam splitter to be positioned between the pellicle and
cube. An alternative for testing most lenses at infinite conjugates
is to use a diffraction-limited or high quality collimator in a
single-pass mode as shown in figure 28, If a aberration-free
collimator is unavailable, a third approach, which is also a single-
pass system, 1is to place the test lens at a distance from the light
source beyond the hyperfocal distance.

It should be noted that in testing in the double-pass mode the
test-lens wavefront aberrations are doubled. Therefore, the fringe

displacements are automatically halved during computer data reduction
for this case.

XI.2, Components

The basic components requirec for lens testing with the WSI are a
set of cube interferometers, optical bench, light source and pinhole, i
auxiliary 1lens, and nodal slide or fixture for rotating cube, film
plane, and auxiliary lens. For infinite-conjugate testing, a flat N
mirror and pellicle or collimator may also be required. {

The choice of a WSI cube with a fixed shear angle depends pri-
marily on the f-number of the test lens. (See table 2(a).) A set of
eight or nine cubes with shear angles ranging from about 2 to 40 mrad
should be sufficient for testing lenses with f-numbers from f£/15 to
f/1. However, it should be noted that testing lenses below about f/2
should generally not be undertaken since the aberrations introduced by
the cube are very large. (See section VI.2.)

The optical bench should dampen external vibrations, remain
straight over the span of the test system, and exhibit high dimension-
al stability. For the present tests, an optical bench which remained
level to within 0.1 mm over 1 m was used. Vibrations of the fringe
patterns were detected occasionally even though the bench was
relatively heavy steel. The test-system components were mounted at
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about 30 cm above the top surface of the bench, and, therefore,
introduced a mass at the end of a relatively 1long lever arm; this
design probably led to the observed vibrations.

The 1light source can be filtered polychromatic light or a laser.
A 100-watt mercury-arc lamp with a monochromatic filter and a 15-mW
He-Ne laser were both used in the present tests. A pinhole 1is used
for a point source, and the size of the pinhole i1s determined by the
degree of coherence required to produce fringes of good contrast. For
the present tests, a 100-um-diameter pinhole was used to tert a 1l-m
focal-length lens, and a 10~um~diameter pinhole was used to test a 50-
mm focal length lens. In addition, condenser optics are generally
necessary to produce a high-energy, focused image of the light source
at the pinhole. These condenser optics should be selected and
adjusted so that the cone of light diverging from the pinhole fills
the test lens completely and uniformly.

The choice of an auxiliary lens to image the interference pattern
on the film plane is related to both the f-number of the test system
and the desired image size of :.e interferogram. Since the auxiliary
lens should be placed a distance equal to its focal length away from
the test-lens focal plane, the diameter of the resulting interferogram
D will be given by D = f /£# where f_ 1s the focal length of the
auxiliary lens and £t is the f-number of test lens. For the £f/8 and
f/8.7 lenses in the present tests, an auxiliary lens with f, = 105 mm
at £/2.5 was used to give an interferogram with D ~ 12 mm.

Ideally, a nodal slide that maintains test-lens alignment during
rotation to the 90° or y-sheared setting should be used. If such a
lens mount 1s not available, two alternatives are to (1) rotate the
auxiliary lens, film plane, and cube as a fixed unit about the test-
system axis; or (2) realign the test lens after the 90° rotation. The
latter approach was used in the present tests. However, since com-
pletion of these tests, a fixture for rotating the auxiliary lems,
film plane, and cube was built and is currently used for lens testing
with the WSI; it is generally recommended that such a fixture be used
rather than realigning the lens after rotation. (See figure 12.)

The flat mirror that may be required for infinite-conjugate
testing should ideally not introduce any wavefront deviations greater
than the smallest repeatable deviations detected with the WSI test
system. Present testing techniques with the WSI have shown that
wavefront deviations down to about 0.04 XA can be repeated. The l4-cm-
diameter mirror used as a retro-reflector in the present tests was
inspected with a Twyman-Green interferometer and found to give i
wavefront deviations (peak to valley) no greater than about 0,10 A,

The largest surface deviations, as with most flat mirrors, occurred q
near the mirror edge. For the present tests, only the central mirror
area with a diameter of about 11 cm was used; thus, the wavefront
deviations introduced by the mirror were probably far less than 0.10 ),
For current testing, a 20-cm~diameter mirror with a maximum peak-
to~valley deviation of only 0.03 ) is used.
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If a beam splitter is required to fold optically the WSI test sys~
tem, a pellicle rather than a glass~plate should be used. A glass
plate, 1like the cube interferometer, will introduce aberrations.
Since a glass-plate beamsplitter is commonly used with light incident
at 45° to the glass surface, significant asymmetrical aberrations
would be added to the wavefront, A nominally S5-um-thick, 8-cm-
diameter pellicle with an optical flatness of a few wavelengths over
the diameter was used in the present tests. A pellicle area measuring

from only 0.5 to 1l cm in diameter was actually used to transmit and
reflect the wavefront.

If a collimator is wused to provide a plane wavefront for
infinite-conjugate testing, the collimator should be tested first to
determine its performance. One of the f/8.7 collimators tested in the
present study and discussed in the following section was found to be
nearly diffraction 1limited; thus, this collimator 1s currently used
to test lenses at infinite conjugates on the WSI, if should be
noted that special care must be taken to align a collimator in
the WSI test system since many collimators are designed with a very
narrow angular field of view of 1 or 2 degrees; otherwise, off-axis
aberration will be introduced even for a collimator that 1is
diffraction-limited on axis.

X1.3. Alignment

After mounting the test-system components on the optical bench, it
18 necessary to establish an optical axis and to align the components
along this axis., As noted earlier, an optical axis, which did not
vary in height more than 0,1 mm over a 1-m length, was defined at
about 30 cm above the top surface of the bench. To establish this
axis, the centers of a cross hailr and an aligument target were fixed
at the same height and transverse position by visual sighting through
an alignment telescope (theodilite). Thus, the optical axis could be
"reconstructed" at any time by simply reinstalling the cross hair and
aligument target on the optical bench.

The system components, excluding the WSI cube, test lens, and
auxiliary lens, were centered to within 0.5 mm of the test-system
optical axis by means of the alignment telescope. For a test system
using a pellicle to fold optically the light source, the pellicle must

be angularly adjusted in order to center the image of the point
source,
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The cube interferometer 1is rcughly centered on the optical axis by
visual sighting. Other than avoiding any non-homogeneities in the
cube, the cube must be 1located so that no vignetting of the
interference pattern occurs. For systems that rotate the cube 90° to
obtain the y-sheared 1interferogram, these requirements, of course,
apply to both angular settings. A 1-mW He-Ne laser was used to align
the front face of the cube normal to the optical axis. After aligning
the laser beam along the optical axis, the cube was adjusted angularly
until the beam reflected from the front face returned through the
laser aperture. With this approach, the cube face was aligned to
within 15 arc minutes, thereby eliminating asymmetric aberrations
which arise from a tilted cube. The cube should be aligned to well
within 15 arc minutes when testing lenses below f/4; otherwise,
significant coma may be introduced. This angular alignment must also
be maintained 1f the cube is rotated for the y-sheared interferogram,

The rotational position of the cube about the optical axis is
related to interferogram registration and, therefore, is discussed in
appendix D. The cube position or £ setting along the optical axis is
discussed following the test-lens alignment since this cube setting is
dependent on test-lens location and alignment.

The test lenses were aligned by the Boys-point method [33] which
uses 8gubsidiary images of the light source formed by reflections
from the front and back surfaces of the test-lens, A schematic of
this technique is shown in figure 29. In this technique the test lens
‘ is alternately translated and tilted until a subsidiary image formed
behind the lens and one formed in front of the lens are both centered 3
on the optical axis. During alignment the subsidiary images can be
’ seen on the cross hairs and alignment target; the centers of the cross
hairs and alignment target define the optical axis as noted earlier,.
In the present tests, the test lenses were aligned to within two arc
minutes. For infinite-conjugate testing, with a collimator, the
position of the test lens along the optical axis 1is not important;
hiowever, for infinite-conjugate testing without a collimator, the test
12n8 must be placed at a distance from the 1light source beyond the N
hyperfocal distance. For finite-conjugate testing, it is important to ;
position the test lens at the required distance from the light source. [

R

= After positioning and aligning the test lens, the cube
interferometer is moved along the optical axis until the null-fringe {
position 1is located. This is the cube positica in which the fringe
field is either all dark or all light, i.e., a dark or light fringe of
infinite extent denotes the null-fringe position. At this position,
the backface of the cube is located in the plane of the test-lens
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ALIGNMENT

ofl CROSS HAIRS TARGET
{
| Figure 29.- Schematic of Boys-point method to align test lems in WSI system. E
(By and 82 are subsidiary images formed by test lens.) !

focus and, therefore, there is no 1lateral shear or 20 = 0. (See

figure 4.) Since the depth of focus for a lens increases with
increasing f-number [24], the null-fringe position is less repeatable

for lenses with higher f-numbers. For example, the null-fringe

position in the present tests with the f£/8.7 lens could be repeated to

within 0.1 mm, This is consistent with the focal properties of the

test lens since the depth of focus for an f/8.7 lens at A = 0.50 um is

about 0,1 mm, Thus, the error in 1locating and repeating the null

fringe position may be no larger than the depth of focus for the test

lens. The cube interferometer is then moved along the optical axis a
predetermined distance £ away from the null-fringe position. Although

the same fringe pattern can he obtained for the same & setting on 3
either side of focus, it is recommended that the cube be moved outside )
of the test-lens focus. This setting is consistent with the present
data-reduction technique which requires £ + 29 as an input parameter

where 2 > 0, The £ distance is determined by first choosing the total

number of fringes M to appear in the interferogram. From equation

(44), the fringe spacing AF is given by D/M and from equation (7), the
reference fringe spacing for a given & 13 X z9/%¢. Equating these two
expressions fcr fringe spacing gives
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which 1is used to determine the axial position of the cube as measured
from the null-fringe position.

The auxiliary 1lens must be positioned so that the interference
pattern incident on the film plane is collimated, unobstructed, and
relatively free of distortion. After fixing the axial, angular, and
rotational settings of the cube interferometer, the auxiliary lens
should be centered with respect to the beam exiting from the cube and
opened to the lowest f-stop. Furthermore, the auxiliary lens should
be roughly aligned along the exit-beam axis so that lens distortiomn is
kept to a minimum, This alignment can be done visually by inspecting
the image geometry on the film plane. Assuming that the film is
normal to the exit-beam axis, the image should be round for a test
lens with a circular aperture. The auxiliary 1lens must also be
located axially so that the fringe pattern is collimated. This can be
checked by comparing the image diameter at the film plane with the
image diameter at some distance relatively far behind the film plane;
the image diameter is constant for collimated light.

XI1.4. Interferogram Photography

The choice of film for recording fringe patterns in the test
system and making enlargements suitable for scanning depend upon many
variables such as film speed, resolution, and range of contrast
obtainable under various processing conditions, As discussed in
section VIII.3, the requirements for a high-quality interferogram
ideally include a density variation that approaches a cosine
distribution across the fringe pattern and a transparency which
is free of pinholes, scratches, and other similar defects. Any
film and subsequent processing which can produce an
interferogram that approaches these conditions will be suitable.

For the majority of the present tests, 35-mm AHU microfilm (ASA
64) at exposure times of 1/4 to 1 second was found to give
satisfactory interferograms. In a few instances, 35-mm TRI-X pan film
(ASA 400) at exposure times of 1/30 to 1/8 second was used and also
gave satisfactory interferograms. Ortho sheet film - Type 3 (ASA 10)
and Ortho Super Speed Portrait sheet film (ASA 125) were used to make
enlargements for scanning. Depending on the quality of the origirnal
35-mm interfe. ~gram, the exposure and processing for the enlargements
were often varied to produce acceptable interferograms.

As discussed in appendix D, roll film is recommended over sheet
film for original interferograms. With roll film, the proper

orientation between x and y~sheared interferograms can be preserved
more easily.
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XII. TEST RESULTS

In the present study, three lenses were tested on axis with the
WSI. These lenses were: (1) f/8.7 collimating doublet (collimator
A); (2) £/8.7 collimating doublet (collimator B); and (3) f/8 OTF
Standard Test Lens. Although test procedures, test-system components,
and data-reduction procedures were improved throughout the testing of i
these three lenses, the data presented are representative of WSI test
data and accurately reflect the test-lens performance.

XII.1l. Collimator A

The £/8.7 collimating doublet has a clear aperture of 11.5 cm and
a nominal effective focal length of 1 m. This collimator was reported
by the supplier to be diffraction limited over a 1.9-cm field of
view (1.1°) from 510 nm to 610 nm.

The collimator was tested at infinite conjugates since it is
designed to be used under these conditions. The test system was
arranged in a double-pass mode using a l4-cm-diameter plane mirror as 3
shown in figure 3. A 100-W high-pressure mercury-arc lamp with a '
monochromatic interference filter (A = 546.1 nm), condensing optics,
and a nominally 100-ym-diameter pinhole were used for the 1light
source. A cube interferometer with ¢ = 4,55 mrad was used.

The 41nitial fringe pattern cbserved for the collimator was highly
curved, thereby indicating that this lens was not diffraction limited
or large errors were being introduced by the test system. Possible
sources of errors in the test system were, therefore, investigated.
The retro-reflecting plane mirror was tested on a Twyman-Green
interferometer and found to give wavefront deviations (peak to valley)
no greater than about 0.10 X over the entire 1l4-cm diameter; 1
deviations were much smaller over the 11,5-cm-diameter porcion used to
reflect the test wavefront. The pellicle, which was used to fold
opticeslly the light source, was repositioned several times, but no
change 1in the fringe pattern was observed; furthermore, the g
substitution of two other rellicles did not change the fringe pattern.
The cube interferometer was also replaced by several other cubes with
different sheair angles, and after adjustments to obtain the same
number of fringes in all cases, the resulting fringe pattern was the
same. The collimator was also reversed front to back in the nodal
slide since many achromats, like the collimator, are designed to be
used only with the point source on the back side of the lens; however,
no change in fringe pattern was observed. Finally, the collimator was
very carefully realigned to well within the 1.1° angular field of
view., The resulting fringe pattern was essentially identical to the
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initial pattern, thereby demonstrating that the fringes accurately
reflected the lens performance. Thus, interferomgrams were scanned,
and the resulting pupil function, "TF, and PTF for the plane or best
focus are shown in figures 30(a), 30(b), 30(c), 30(d), and 30(e). The
resulting maximum aberrations are given in table 7.

The pupil-function plot in figure 30(a) shows that there are both
symmetrical and asymmetrical aberrations 1n the collimator, The
maximum deviation of the wavefront is about 2.1 A, and the RMS of the
wavefront is about A/3. Inspection of table 7 shows that the net
symmetrical aberration, which results from combining defect of focus
and spherical aberration, 1s about -.1 A, The significant asym-
metrical aberrations are third-order x coma (-0.6 A), third-order
y coma (-0.4 1)), and fifth-order y coma (0.3 A). The coma may arise
from a decentration error [34] since the collimator was tested on
axis, or at the center of the field, and coma arising from improper
shape of the lens surface does not occur on axis. On the other hand,
the astigmatism at the center of field does not result from

decentration of the lens elements; this error results from imperfect
lens surfaces.

The MTF for the diffraction-limited lens (A = 546.1 nm) with the
same f-number as the collimator is also shown in figure 30(b). The

large differences between the collimator and a diffraction-limited
lens are readily apparent.

Isocontours of the MIF for the collimator are shown in
figure 30(c). The zero value of spatial frequency occurs at the
center of the lens aperture; the spatial-frequency values given

along the coordinate axes apply to values along lens diameters drawn
parallel to these axes.

The PTF for the collimator is given in figure 30(d). However, as
noted earlier in section VIII.3, the accuracy of these phase values
is probably not very high since their calculation involved very small
and rapidly changing values of the OTF, The 1isocontours of the PTF
are shown in figure 30(e). The intricate pattern of this plot
results, to some degree, from the same computational inaccuracies
indicated above. However, this plot does illustrate the ability of
the test system and data-reduction program to handle a lens with a
rapidly varying OTF,

Since the collimator performance was found to be considerably less
than diffraction limited, it was returned to the supplier. Follow-up

testing by the supplier confirmed the test results obtained with the
WSI test system.
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Figure 30.- On-axis WSI test results in plané of best focus for £/8.7
collimating doublet (collimator A); A = 546.1 nm.
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TABLE 7. - MaXIMUM ABERRATIONS FOR f/g. 7 COLLIMATING
DOUBLET (COLLIMATOR A)?

astmm oy | ————
Maximum aberrationg, Type
units of )
*————~——__________*——~———-—___________
4 -4.821 focus
5 - .1062 0° astigmatigm :
d
6 - 2080 45% astigmarigm a
7 6441 X coma (3rd) 5
8 - .3685 Y coma (3rd) g
9 -2209 X clover (3rd) ‘%
10 - .1603 Y clover (3rd) %I
11 7.1699 Ird spherical 5
|1 1365 0° astigmatism (5¢h) g’
13 .1297 45° astigmatism (5¢h) i
/ 14 .0336 g
[ 15 .2568 3
} 16 .1390 X coma (5th) %a
17 .3120 y coma (5th) ng
18 - .0188 X clover (5th) 3
] 19 - 1405 ¥ clover (5th) ;
j 20 +1164 {
: 21 .0155
: 22 =3.8634 5th spherical ]
{ 23 1.4013 7th spherical

e

o Plane of pest focus; ) = 546.1 nm,
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XI11.2. Collimator B

This collimator has the same nominal f-number of f/8.7 and
effective focal length of 1 m as the previous collimator, The
supplier of <collimator B also reported this collimator to be
diffraction limited over a 1.9-cm (0.75 in.) field of view (1.1°)
from 510 nm to 610 nm.

Collimator B was also tested at Infinite conjugates as shown in
figure 3. However, for this collimator, a 15-mW He-Ne laser (A =
632.8 nm) with a beam expander and l6-um~diameter pinhole was used.
An initial attempt to use the filtered mercury-arc lamp with a 10-um-
diameter pinhole, rather than the 100-um-diameter pinhole used
earlier, was made. The dilameter of the Airy disc [35] for a
diffraction-limited f/8.7 1lens 1s about 12 um; therefore, a 100-um-
diameter pinhole may lead to off-axis illumination. In any case,
sufficient energy for reasonably short photographic exposures was not
available with the mercury-arc lamp and the 10-um-diameter pinhole. A
special effort was made to keep ‘the collimator and test-system
components free of dust which might cause spurious fringe patterns in
laser 1llumination. An improved nodal slide, which offered finer
controls for lens alignment, was used. The same cube interferometer
with ¢ = 4,55 mrad was used. The resulting pupil function, MTF's, and
PTF's for the plane of best focus are shown in figure 31. Table VIII
lists the resulting maximum aberrations.

Figure 31(a) shows that the pupil function exhibits primarily
asymmetrical aberrations, The net result of the symmetrical
aberrations 1listed in table 8 is about -0.01 A, The primary
asymmetrical alLerrations appear to be x and y coma (third and fifth-
order). The maximum value for each of these aberrations is about +
0.2 2; this value 1s also the maximum deviation of the wavefront which
has an RMS of X/21. As noted in the previous section, this coma,
which occurs on axis, may be due to a decentration er:or, i.e., one or
both 1lens elements in the collimator doublet may not be centered

exactly. The effective focal length for the plane of best focus was
determined to be 999.566 mm.

The MIF for diffraction-limited performance of an f/8.7 lens is
shown in figure 31(b) along with the test results for collimator B, A
comparison shows that the collimator is slightly below diffraction-
limited performance. However, it should be remembered that the
collimator was tested at X = 632.8 nm which 1s outside of the
wavelength range (510 nm to 610 nm) in which the supplier reported the
collimator to be diffraction 1limited. The tangential and sagittal
MTF's are nearly identical up to a spatial frequency of about 120
cycles/mm, Thus, even though the pupil function 4is primarily
asymmetric, the magnitude of these asymmetrical aberrations is
sufficiently small such that the MIF appears to be somewhat
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Figure 3l.- On-axis WSI test results in plane of best focus for £/8.7
collimating doublet (collimator B); A = 632,8 nm.
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TABLE 8. - MAXIMUM ABERRATIONS FOR f/g.7 COLLIMATING
DOUBLET (COLLIMATOR g)2

i Maximum aberrations, Type

units of

4 - .395 focus

5 .0391 0° astigmatism

6 .0097 i 45° astigmatigm

7 -1796 ! X coma (3rd)

8 .1781 ' y coma (3rd)

9 .0463 X clover (3rd) §
10 .0111 I y clover (3rd) |
11 - .9927 ; 3rd spherical
12 - .0304 0° astigmatigm (5th) }
13 .0328 45° astigmatism (5th)

14 - .0265 | [
15 - .0526 |
16 - .1372 ' X coma (5th) i
17 ~ .1907 y coma (5th)

18 - .0658 ' x clover (5th) i
19 - .0877 | 3 v loves(Seis) {
20 - 0053 :

21 .0165 :

22 -1.2698 ' Sth aplarical

23 6658 7th spherical

“In plane of best focus; A = 632.8 nn,

4
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Figure 32.- On-axis WSI test results in plane of best focus for £/8.7
collimating doublet (collimator B) stopped down to £/10;
& A =632.8 nm,
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TABLE 9. - MAXIMUM ABERRAT'IONS FOR £/8.7 COLLIMATTNG

DOUBLET (COLLIMATOR B) STOPPED NDOWN TO f/lOa

s

=

Maximum aberrations,
units of A

Type

10

11

12

13

14

15

16

17

18

19

20

21

22

N
[V

- .237

.0293

.0073

.1164

.1154

.0300

.0072

.5568

- .0170

.0184

- .0149

- .0295

- .0666

- .0926

- .0320

- .0425

- .0026

.0080

- 5334

.2095

focus

0° astigmatism

45° astigmatism

x coma (3rd)

y coma (3rd)

X clover (3rd)

y clover (3rd)

3rd spherical

0° astigmatism (5th)

45° astigmatism (5th)

x coma {(5th)
y coma (5th)
x clover (5th)

y clover (5th)

5th spherical

7th spherical

i

M a?;;:? ek

21n plane of best focus; X = 632.8 nm.
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rotationally symmetric. This relative symmetry of the MIF is shown 1in
the MTF isocontours plotted in figure 31(c).

The PTF for collimator B 1s given 1in figure 31(d). The
differences in the tangential and sagittal PTF's are more pronouriced
than the differences in the corresponding MIF's. The isocontours of
the PTF are plotted in figure 31l(e).

Since collimator B was within a few percent of the diffraction-
limited MTF, it was accepted. However, additional testing of the
collimator on the WSI system to determine performance within the
spectral region of 510 nm to 610 nm is planned. The collimator 1is
used in the WSI test system to provide a collimated light beam for
testing other lenses at infinite conjugates. Since the aberrations in
the collimator are largest at the aperture edge, the full aperture
is not used. In particular, the maximum aperture diameter wused 1is
about 10 cm or about 75 percent of the clear aperture; this is
equivalent to stopping down the collimator from f/8.7 to £/10.

The performance of a lens at a greater f-number than that used in
the WSI test system can be determined with the data~reduction computer
program, (See appendix A.) The same test data, except for the
original radius the test-lens aperture, is used as input data. The
new value chosen for the radius corresponds to the modified f-number.
In this case, the maximum wvalue of the aberrations, the pupil
function, and the OTF are for the stopped-down version of the test
lens. For collimator B stopped down to £/10, the pupil function, MTF,
PTF, and aberrations are shown in figures 32(a), 32(b), 32(c), and
table 9, respectively, The resulting MTF is only about 1 percent
below diffraction-limited performance up to 120 cycles/mm. The net
sum of the symmetrical aberrations is - 0,004 A, and the maximum
value of the asymmetrical aberrations is about + 0.1 A, The RMS of
the wavefront is 1/29, and the effective focal length is 999,536 cm.

X1L.3. OTF Standard Test Lens

The OTF Standard Test Lens was designed and developed by SIRA,
Chislehurst, Kent, Fgland, as a test standard for OTF equipment. The
results of OTIF measurements on one of these 1lenses by various
laboratories throughout the world are presentei in reference 36, This
lens is a simple planoconvex lens with a nominal thickness of 10 mm, a
nominal diameter of 28 mm, and a nominal focal length of 50 mm. For
the present tests, the lens was stopped down to f/8, thereby giving a
lens diameter of 5.30 + 0.025 mm., With this stop plane located 1.0 mm

behind the plane surface of the lens, the image distance zy
was 42,0 mm.
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The OTF Standard Lens was tested at 1infinite conjugates by
locating the light source about 4 m from the lens. This separation
was accomplished by folding the optical path along the 2.75-m length
test bench. The resulting test system was basically the system shown
in figure 3 except that the test lens was located between the pellicle
and interferometer cube; furthermore, the test system was single pass.
A 100-W mercury-arc lamp with a monochromatic filter (A = 546.1 nm),
condensing optics, and a nominally 100-um-diameter pinhole were used

for the 1light source. A cube interferometer with ¢ = 4.55 mrad was
used.

The first test results showed an MIF performance significantly
below (as large as 25 percent) published values. Since this lens was
particularly difficult to align using the Boys'-point method, it
appeared that alignment errors may have been significant. The OTF
Standard Lens 1is planoconvex with a relatively short focal length and,
therefore, shows only one visible Boys'-point or subsidiary image.
For this reason, a different alignment technique, which uses the one
subsidiary image, a lens image of crosshairs, and a reflection from
the front plane surface of the 1lens was devised. With this
technique, the lens appeared to be centered when viewed through an
alignment telescope; the supplier states that the lens optical axis is
within 0,025 mm of the geometrical center of the lens aperture.
However, the test-lens mount still did not have sufficient control for
aligning the lens within the high degree of accuracy required for on-
axis testing. An improved nodal slide for the test lens was obtained
only after the OTF Standard Test Lens, which was on loan, had to be
returned to the supplier; this improved nodal slide was used for
testing collimator B as discussed in the previous section. Therefore,
the test data presented in this section may contain slight errors
stemming from misalignment of the test lens. Also, errors resulting
from misregistration of the two interferograms may be present in the
test data. An improved set of fiducial marks to reduce registration

errors was developed after testing the OTF Standard Test Lens and
prvior to the testing of collimator B.

The resulting pupil function, MTF's, and PTF's for the plane of

best focus are shown in figure 33, Table 10 1lists the resulting
maximum aberrations.

As shown 1in figure 33(a), the pupil function is asymmetric. The
largest asymmetrical aberrations are x-coma (third and fifth-order)
and x-clover (third and fifth-order); each of these aberrations has a
maximum value of 0.09 A to 0.17 A. In reference 36, it is noted that
with the stop positioned 1 mm from the plane surface of the OTF
Standard Test Lens, coma is almost a minimum and, as a result, tihere
is very little variation in the PIF as one goes off axis.
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Figure 33.- On-axis WSI test results in plane of best focus for £/8
OTF Standard Test Lens; A = 546,1 nm,
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Figure 33.- Continued.

109

il S T U it b e




——— WSI test data

= =—-— BCS data

[BN (RAD)

A

ER FUNCT

//\
%/
/

/

e

PHASE TRANSF

I
-9
.

o0 100

150

|

200 250

SPATIAL FREQUENCY (CYCLES/MM)

(c) Tangential and sagittal PTF.

Figure 33, - Concluded,




e

e

e R

s
iy

S

DRREy

TABLE 10. - MAXIMUM ABERRATIONS FOR f£/8 OTF STANDARD TEST LENS®

n Maximum aberrations, Type
units of A

4 - .618 focus

5 .0119 0° astigmatism

6 .0092 45° astigmatism

7 - .1717 x coma (3rd)

8 .0403 y coma (3rd)

9 .1919 x clover (3rd)
10 .0500 y clover (3rd)
11 1.0444 3rd spherical
12 - .0178 0° astigmatism (5th)
13 .0581 45° astigmatism (5th)
14 .0314
15 - .0839
16 .2356 x coma (5th)

17 .0363 y coma (5th)
18 - .1485 x clover (5th)
19 - .0376 y clover (5th)
~ 20 .0161
' 21 .0273
22 - .6480 S5th spherical
23 .1919 7th spherical

aIn plane of best focus; A = 546.1 nm.
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Therefore, assuming that minimum coma should be well below the 0.17 X
determined from the present test data and that coms does not
increase significantly for slightly off-axis positions, the measured
value of coma would not be expected from the possible lens
misalignment discussed earlier. The maximum deviation of the
wavefront is about 0.3 A, and the RMS of the wavefront 1is A/14.
The effective focal length, as measured from the stop w»lane rather
than the second principal plane, 1is 41.658 mm.

In figure 33(b) the MTF for diffraction-limited performance of an
f/8 lens and the MTF of the OTF Standard Test Lens as measured by the
British Calibration Service (BCS) are given along with the MIF
measured on the WSI test system. Both of the measured MTF's show that
the lens 1s not diffraction 1limited. The differences between the
tangential and sagittal MIF's are greater for the BCS data than the
WSI data. Assuming that the MTF 18 not symmetric as these data show,
these differences would be expected since the lens orientation about
the optical axis was most likely not the same setting in the two test
systems, i.e., the tangential and sagittal directions for the two sets
of test data are not the same. The manufacturer of the OTF Standard
Test Lens claims that the 1lens orientation about the test-system
optical axis is unimportant since the lens has been constructed with a
high degree of precision. However, as the measured MTF's show, the
lens does exhibit asymmetry. It should be noted that the BCS test
data does not extend beyond 100 cycles/mm, but the WSI test data
continues out to the test-lens cut-off frequency. The WSI test
system, unlike some other OTF-measurement systems, does not use an
illuminated target of varying spatial frequency which 1is imaged by the
test lens. Therefore, the WSI test system does not depend on the
quality of the target or the degree of coherence of the target
illumination; these factors can introduce OTF-measurement errors in
the associated test systems, particularly at spatial frequencies
beyond 100 cycles/mm [37}. The fairly large differences in the
tangential and sagittal MTF's above 100 cycles/mm for the WSI test

data may be due 1in part to lens misalignment or interferogram
misregistration as discussed earlier.

The PTF's for the OTF Standards lLens as measured 1in the present
tests and uas measured by the BCS are given in figure 33(c). The closer
agreement between tangential and sagittal values for the WSI test
results as compared to the BCS test results 1s quite evident. The
large differences in the tangential and sagittal PTF's in the vicinity
of 100 cycles/mm for the WSI test data, like the MIF's, may in part
result from lens misalignment or interferogram misregistration.
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XIII. COMPUTER PROGRAMS

The computer software for use with data from the WSI system
consists of three programs to perform the following tasks: (1)
reduction of fringe data to determine lens aberrations, pupil
function, and OTF; (2) plotting of pupil function, MTF, and PTF; and
(3) reduction of optical-density data from automatic fringe scanner to
determine fringe-peak locations and 1lens aperture boundary. These
programs are written in FORTRAN V for the Univac 1100 series computer
systems. Some changes may be required to use these programs on other
computer systems, & flow diagram of the complete data-reduction

procedure for the WSI interferograms, including the computer programs,
is given in figure 34,

An outline of the program operations, a tabulation of input and
other variables, and a computational listing are presented for each of
the three programs in appendices A, B, and C; sample printouts for the
programs discussed in appendices A and B are also given. Other
auxiliary program variables and parameters are also defined in these
appendices, but no attempt has been made to define every alphanumeric
quantity such aec indexing parameters and dummy variables., The program
listing contains comment cards which further define program variables
and explain program operations.

Table 11 gives the approximate computer words required to execute
the latest versions of the data reduction and plotting programs on the
Univac 1108/Exec 8 computer system at the National Bureau of
Standards, Washington, D.C., Also, included in this table are typical
central-processor times for the programs at the NBS facility. The
central-processor time for the data-reduction program in dependent on
the size of the input data array (fringe-peak locations); the value
given in table 11 is for an average array size of 25 (fringes) by 25
(scans) for each interferogram.
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XIV. CONCLUSIONS

The present study was directed towards developing, evaluating, and
installing an interferometric lens-testing system that would fit the
test requirements of the sponsor. A wavefront shearing interferometer
(WSI) system was developed and used to test several lenses on axis at
the National Bureau of Standards. Several computer programs were also
developed to automate reduction of the WSI test data.

A set of eight WSI cubes, which permits lens testing over a wide
range of f-numbers, was fabricated and delivered to the sponsor. The
computer programs for reducing both the WSI test data and the
interferogram scan data from an automatic scanner were also presented
to the sponsor. An automatic scanner purchased by the sponsor was
tested and used at NBS for scanning some WSI interferograms; this
scanner was later installed at the sponsor's facilities and
subsequently interfaced to a minicomputer to permit controlled
scanning. Therefore, a viable WSI test system is currently available
to the sponsor at the sponsor's facilities.

Lens testing with the WSI at the NBS demonstrated the following:

1) the WSI 1s a versatile, inexpensive, and simple alternative
for interferometric testing of lenses; lenses may be tested
at infinite or finite conjugates;

2) the major effort required in testing with the WSI is data
reduction; with the available computer programs and an
automatic scanner, this task is greatly simplified;

3) asymmetric aberrations introduced by the WSI cube, which acts
as a glass plate, can be kept to less than 0.05 wavelength by
careful alignment procedures; spherical aberration is
automatically removed in the data-reduction program and
defect of focus 18 compensated during testing;

4) the major source of error in WSI testing 1s generally
misalignment of the test lens; a nodal slide with

translational and rotational controls 1is necessary to reduce
alignment errors;

5) present testing techniques have resulted in root-mean-square
differences of less than 0.04 wavelength; these differences
could be further reduced with improvements in the technique
to register the x and y-sheared interferograms;

6) recommendations for further testing with the WSI include
extension to off-axis testing, improvement of the efficiency
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and accuracy of data-reduction computer programs and
extension of these programs to partially obscured and non-
circular 1lens apertures, development of alternate techniques
for locating the aperture boundary with the automatic
scanner, and development of a real-time test system in which
an aerial image of the fringe pattern is scanned, the results
fed directly into a computer, and the lens performance
automatically displayed on a viewing screen.
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XV. RECOMMENDATIONS

Although the WSI test system and data reduction procedures
developed in the present study meet the requirements of the sponsor
for a viable 1lens and mirror test system, there are modifications,
extensions, and alternatives to be recommended. The implementation of
these recommendations will depend, in part, cn the specific needs of

the user and the computer and scanning facilities available to the
user.

A very desirable WSI test system would be one that performs
essentially real-time testing. For such a system, the aerial image of
the interference pattern would be scanned, rather than scanning a
photographic record. The scan information would be input directly
into a computer which, 1in turn, would reduce the test data. The
resulting pupil function, MIF, PTF, and aberrations would be displayed
on a viewing screen. With this system, the effect of lens alignment
and other test-system parameters on the lens gperformance —could be
noted almost immediately. Thus, the systematic errors could be

minimized. In addition, the time required for testing would be
greatly reduced.

The WSI test system should be extended to off-axis testing.
Lenses and mirrors are generally used to image an extended object,
rather than a point source, and, therefore, the performance of the
lens or mirror for off-axis imaging should be measured. With any of
the various techniques currently used for off-axis testing, the
primary difficulty 1s a very accurate measurement of the field
position. For the WSI test system, this specification of field
position means that the location and orientation of both the cube
interferometer and the test 1lens with respect to the test-system
optical axis must be measured accurately. In addition, the data-
reduction computer program would have to be modified to process non-
circular (elliptical) apertures.

Fiducial marks that can be correctly identified from the
automatic-scanner data should he developed 1in order to reduce the
interferogram-registration errors for automatic scanning. The current
approach for registration of the x and y-sheared interferograms 1is
designed primarily for a manual scanner. The image analysis for
fiducial marks to be used with an automatic scanner should include the
following: (1) distinguish fiducial marks from fringe locations,
aperture boundary, and film defects; (2) identification of the x and y
axes; and (3) distinguish between the x and y-sheared interferograms.
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For automatic scanning, it 1ig also recommended that other
techniques for locating the test-lens aperture be

investigated. punching holes a: the

fringe terminals Preparatory to scanning ig subject to errors in
visual judgment.

partially obscured aperture, and a
non-circular apertyre, In addition, these computer programs should be
optimized in terms of efficiency and accuracy, Alternate

computational techniques for such quantities ag the pupil function and
OTF should be Studied,
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APPENDIX A

COMPUTER PROGRAM TO REDUCE WSI FRINGE DATA

The computer program used to determine lens performance from the
WSI fringe data is presented. An outline of program operation is
given together with a detailed input description, auxiliary
definitions of program variables, listing of subroutines, com-
putation program listing, and a sample printout.

Outline of Program Operation

The outline of the program 1s presented with references to
sections of this report that contain detailed information on the
particular topic. The present program assumes the following: (1)
input fringe data will be no longer than a 29 x 29 array; (2) lens
aperture 18 circular and unobscured; (3) data from one scan does not
contain more than one pair of coodinates for the same fringe, 1i.e.,

closed or looped fringe data 1s not treated; and (4) amplitude of ;
pupil function is constant and assumed to be wunity over the lens
aperture.

A, Input data
1. Test-lens and experimental parameters

2% Fringe-peak coordinates and fringe orders from either
manual or automatic scanner

B. Calculations

109 Register fringe data from x and y-sheared interferograms
in common coordinate system (See appendix D.)

2, Convert fringe-coordinate data to normalized values
using shear distance (See section 1V.) !

4 3. Use spline fit to 1interpolate fringe orders at grid
points of rectangular normalized grid (See section 1IV.)

Determine pupil function to within a constant at grid
points (See section IV,)

o
£~

Perform least-squares fit of pupil function to twenty-
three term polynomial representing aberration (See

section 1IV,)

A
w
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10.

11,

12,

13.

14.

Remove symmetrical aberrations introduced by WSI cube
from pupil function (See section VI,h2.)

Remove constant and x and y tilt terms from pupil
function

Calculate root mean square (RMS) of initial solution of
pupil function, RMS of polynomial describing pupil func-
tion, and RMS of difference in thes~ two solutions of
the pupil function

Calculate maximum values of aberrations at edge of lens
aperture

Determine from polynomial representation valuez of pupil
function in areas (lunes) of aperture for whica fringe
data could not be interpolated

Determine focal plane for which RMS of pupil function is
a minimum by adjusting defocus term (See section V.2.)

Calculate pupil function (complex quantity) where
amplitude is assumed to be constant with a value of 1.0

Calculate OTF by auto-correlation of pupil function (See
section V.1.)

Determine MTF and PTF

Output data

1.

Paper printout (See sample printout.)
a. Test-lens experimental parameters

b. Fringe-peak coordinates from scanner for x and y-
sheared interferograms

(8 Normalized fringe-peak coordinates for » and y-
sheared interferograms

d. List of grid coordinates which 1lie inside '«ns
aperture but outside region of interpolation

R




Incidence matrix tor X and y-sheared interferograms

to show grid points at which fringe orders were
interpolated

Fringe-order deviations determined at grid points
by interpolation for X and y-sheared interferograms

Values of the pupil function to within a constant
Symmetrical aberrations irtroduced by WSI cube

Differences between initial solution and polynomial
representation of pupil Zunction

RMS of initial solutior, RMS of polynomial repre-
sentation of pupil function, and RMS of difference
between these two gsolutions

Listing of aberration coefficients and maximum
values of aberrations

Incidence matrix for grid points to indicate
whether fringe order was interpolated,
extrapolated, or outside of lens aperture

Pupil-function phase values corresponding to the
focal plane specified by input value

Defocus coefficient, focal distance, and RMS or
wavefront for different focal planes separated by
increments of Rayleigh depth-of-focus tolerance

Pupil-function phase values corresponding to
optimum focal plane

Coordinates of grid points

Values of complex pupil function

OTF values
MTF and PTF values

List of parameters written on tape for plotting
program

Magnetic tape with values of parameters, pupil function,
and OTF to be used by plotting program,
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Auxiliary Definitions

Several quantities appear 1in the final printout. In addition,
some of these and other quantities can be useful 1in evaluating the
sequence of operations in the program listing. Those quantities which
have not been defined elsewhere are defined as follows:

FORTRAN
Variable
B(I)

B4CUB
B4MAX

B11CUB

B11MAX

B22CUB

B22MAX

B23CUB

B23MAX

B4BEST (M)

DE(I,K)

DEFFOC

DEL(I,K)

DELTA

DELTXY

Description

Aberration coefficient in polynomial describing
wavefront, b

Coefficient of defocus introduced by cube, a,

Maximum value of defocus introduced by cube, a,

Coefficient of third-order spherical aberration
introduced by cube, a,

Maximum value of third-order spherical aberration
introduced by cube, a, (RADIUS/zz)“

Coefficient of fifth-order spherical aberration
introduced by cube, a,

Maximum value of fifth-order spherical aberration
introduced by cube, a, (RADIUS/zz)6

Coefficient of seventh-order spherical aberration
introduced by cube, ac

Maximum value of seventh-order spherical
aberration introduced by cube, ag (RADIUS/zZ)8

Coefficient of residual defocus for plane of best
focus

Phase of pupil function or deviation of wavefront
from reference sphere, ¢ (x,y)

Maximum value of residual defocus for plane of
best focus

Phase of pupil function with constant b, and tilt

terms bzx, and b3y present L
Shear distance, Ax or Ay

Spatial-frequency increment, Aux or Auy
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FORTRAN

Variable

DEVMAX

DEVMIN

E(L)

FNO

FNOBST

FRACT

FRSPAC

HD(J,K)

ISUMA

ISUMB

ISUM

KX

KY

MI(I,K)

MIL1(I1,K)

Decription

Maximum value of pupil-function phase

Minimum value of pupil-function phase

Terms of polynominal describing wavefront, F(x,y)
f-number of test lens, zz/Z(RADIUS)

f-number of test lens for plane of best focus

Multiplicative factor by which focal plane is
shifted along optical axis in wunits of Rayleigh
tolerance on depth of focus

Fringe spacing 1in interferogram of perfect lens,

(hz,)/ (29)

Interpolated fringe-order deviation for x-sheared
interferogram, P(J, K, N) or Qm =
14

Total number of grid points for which fringe-order
values were interpolated

Total number of grid points for which fringe-
order values were extrapolated

ISUMA + ISUMB

Reduced spatial-frequency increment along x-axis,

k
x

Reduced spatial-frequency increment along y-axis,
k

y

Incidence matrix for test-lens aperture; MI = 1
indicates that fringe-order value was interpolated
at grid point (I,K); MI = 2 indicates that fringe-
order value was extrapolated at grid point (I,K);
MI = ( indicates that grid point lies outside
aperture

Incidence matrix for x-sheared interferogram; MI1
(I,K) = 1 indicates that fringe-order value was
interpolated at grid point (I+2, K+2); MI1(I,K) =
0 indicates that no interpolation was made or
grid point lies outside aperture
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Variable Description
MI2(1,K) Incidence matrix for y-sheared interferogram; MI2

I ) (I,K) = 0 indicates that fringe-order value was
interpolated at grid point (K+2, I+2); MI2 (I,K) =

0 indicates that no interpolation was made or grid
point lies outside aperture
N Trigger or subscript to identify interferogram or
frame
N = 1 for x-sheared interferogram
N = 2 for y-sheared interferogram
NS e Maximum number of scans for either x or y-sheared
’ interferogram
OTF (1,K) Optical tra sier function
P(J,K,N) Interpolated fringe-order deviation for x or y-
sheared interferogram, Qm or S
,n m,n
b
POLYMX(I) Maximum value of aberration term; b, F, (x,y) '
vhere x2 + y2 = (RADIUS)2 and n = 1,2,...23 -
RAYLGH Rayleigh tolerance on depth of focus, + 3.2 (A/2m) ¢
(z,/RADIUS)? i
RMS Root mean square of DEL values after removing cube 2
aberrations and bl, bzx, and b3y ,ﬁ
RMSDE Root mean square of DE values, including H:
| extrapolated values, after removing  cube i
aberrations and bl‘ bzx, and b3y g
RMSMAX RMSDE for plane of best focus 4
i
RMSR Root mean square of DE value (interpolated) after gﬁ
removing cube aberrations and bl’ bzx, and b3y }%
RMSS , Root mean square of V(I,K) i
SIGN Sign of Rayleigh tolerance on depth of focus; SIGN ﬁ
| .

| = 1,0 for focal plane shifted away from test lens;
SIGN = - 1.0 for focal plane shifted towards test

lens
t
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FORTRAN

Variable

TRANS (I ,K)

VD (J,K)

V(I,K)

X

X(J,K,N)
XCEN
XGRID(I,K)

XINT

X1(K)

X2(K)

Y

YBOUN1

YBOUN2

YCEN
YGRID(K)

YINT

ZZ2(M)

Z2BEST

Description

Pupil function

Interpolated fringe~order deviation for y-sheared
interferogram, P(J,K,2) or Sm

,n
Residual wavefront, DEL(I,K) - DE(I,K)
x-coordinate of grid point, Xm
x-coordinate of fringe-peak location, xi,j
x~coordinate of center of aperture, XCEN = RADIUS

x-coordinate of grid point, Xm

Coordinate of grid point at whict. fringe order is

interpolated in x or y-sheared interferogram, Xm
or Y
n

x-coordinate of left-hand boundary of aperture
along Kth scan

x~coordinate of right-had bountary of aperture
along Kth scan

y-coordinate of grid point, Yn

y-coordinate of upper boundary of aperture, YCEN -
RADIUS

y-coordinate of lower boundary of aperture, YCEN +
RADIUS

Y-coordirate of center of aperture, YCEN = RADIUS
y-coordinate of grid point, Yn

Interpolated fringe order for x or y-sheared
interferogram, p(xm) or p(Yn)

Focal-plane position along z-axis

Optimum focal-plane position along z-axis
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Subroutines

l A list of the subroutines used in this program is presented

FORTRAN
Name Called by Function
SPLICO MAIN Determination of coefficients for
spline-fitting interpolation (See
reference 16).
SPLINE MAIN Interpolation of fringe order by
method of spline fitting (See
reference 16.)
3
SPECSP MAIN Interpolation of fringe order by 3
method of spline fitting in special
case of only two fringe-peak data |
for a scan i
DEV MAIN Determination of pupil function, s
aberrations, and plane of best 1
focus %
INVERT DEV Perform matrix inversion by method
of Gauss--Jordan Elimination (See
reference 39.)
CORREL MAIN Compute optical transfer function
by auto-correlation of pupil
function
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Input Description

| The following list contains the program input variables which are
arranged according to order of presentation in the program.

Frame 1 1s the x-sheared interferogram and frame 2 it the y~-
sheared interferogram., All wvariables that represent distances or
coordinates in the lens aperture are measured from the interferograms
as shown in figure 35.

Input FORTRAN
Card Variable Description

1 TEST Identifies test lens and test number or
date

2 FOCUS Trigger for determining focal plane in
which OTF is calculated
FOCUS =1 nominal focal plane at
distance 22
FOCUS = 2 for optimum focal plane where
RMS of wavefront is minimum

- 3 CUBE Trigger for determining and removing
defocus introduced by cube by interfero-
nneter
CUBE = 1 for experimental case of
measuring ZL from null fringe
position; only corrections for
spherical aberration are made

CUBE = 2 for experimental case of
measuring ZL from nominal focal
plane at 22; correction for
defect of focus and spherical
aberration are made

THICK Cube thickness, t, mm

focal point or null-fringe position to

|

! 3 . 4 ZL* Distance along optical axis from nominal
f

| back of cube, £, mm (See figure 4.)

4.)

*This value is positive if cube is located between focal point and
auxiliary lens and negative if cube is located between test lens and §
focal point.

-gﬁ : 22 Nominal focal length, Z,, mm (See figure
&
!
A
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{npuﬁ FORTRAN
Card Variable

XMAG

‘FHI

WAVEL

5 PASS

6 INPUT

10} ¢

POSX*

POSY*

Description

Magnification of interferogram; ratio of
diameter of test-lens aperture as
measured on interferogram to nominal
diameter of test-lens aperture

Cube shear angle, %, rad

Wavelength of light used to illuminate
test lens, A, mm

Trigger for double-pass tests
PASS = 1 for single~pass test
PASS = 2 for double-pass test

Trigger to indicate method used for

scanning interferogram

INPUT = 1 for fringe data from manual
scanner

INPUT = 2 for fringe data from
automatic scanner

Distance along x axis of scanner from
coordinate origin to 1left side of
unsheared aperture for frame 1; mm (See
figure 35.)

Distance along y axis of scanner from
coordinate origin to right side of
unsheared aperture for frame 2; mm (See
figure 35.)

Distance along y axis of scanner from
aperture edge to first scan for frame 1;
mm (See figure 35.)

Distance along y axis of scanner from
aperture edge to first scan for frame
2; mm (See figure 35.)

*
The values selected should be less than the shear distance
DELTA; recommended values are DELTA/2.
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Input FORTRAN
Card Variable Description
RADIUS Radius of test-lens aperture as measured
from interferogram; mm
8 NSX Number of scans in frame 1 5
NF1 lamber of fringes in frame 1
9 NSY Number of scans in frame 2
NF2 Number of fringes in frame 2

The renaining input cards contain scan parameters and fringe-peak
locations. The order of these cards denends upon the type of fringe
scanning (manual or automatic), and the total number of cards depends
upon the number of fringes and scans. The arrangement of these input

ﬁ.
cards is outlined for both methods of fringe scanning.
Manual Scanning: 1
Input FORTRAN
Card Variable Description 3
10 K Scan number; K = 1 /
J1 Order number for first fringe of Kth :
scan; K = 1 ;
J2 Order number for 1last fringe of Kth 1
scan; K = 1 ;
11 X(J,K,N) Fringe-peak location of Jth-order fringe %
' . of first scan of frame 1: mm ™~
! . J=Jl; K=1y N=1 |
X(J,K,N) J=J2; K= 1; N=1 5
5 ’ K,J1,J2 Scan parameters for scan 2 ;
I
) X(J,K,N) J=Jl; K=2; N=1 1
i
X(J,X,N) JeJ2; K= 2; N= 1

. . g
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» The 1input data cards are continued in the above manner from all
i scans and fringe-peak locations for frames 1 and 2; data from frame 2
follow the data of frame 1 and are arranged in the same format.

Automatic Scanning:

Note: These input cards contain a rectangular array of values of
X(J,K,N) for each frame; since the test lens aperture is
circular, X(J,K,N) = 0.0 for some values of J and K.

12 X(J,K,N) The order of these input cards is
best described by giving the READ
and FORMAT statements from the pro-
gram:

READ (5,215) ((X(J,K,N),J=1,7),K=1,NS)
READ (5,219) ((X(J,K,N), J=8,15),K=1,NS)
READ (5,219) ((X(J,K,N),J=16,23) ,K=1,NS)
READ (5,219) ((X(J,K,N),J=24,29), K=1,NS)
215 FORMAT (7X,7F7.2)
4 219 FORMAT (8F7.2)
(See auxiliary definitions for NS.)

s The 1input data cards are repeated in the above manner for frame 2
(N=2).




(0.0)

I )

= e
POSX

: o
== Ist scan  (interferogram)

...... —~——— shear axis

' A
’\\;_ ¥ A - Unsheared aperture with
' {interferogram)| pupil function @(x,y)
¥ A'- Sheared aperture with
(scanner) pupil function ¢ (x-4x,y)

(a) x-sheared interferogram.

{ (0.0) - X
N - (scanner)
= ke
' DELTA |Ay) —
y (interferogram) i
‘ -
& Ist scan-- §
POSY
__________ |-~ shear axis
| E B - Unsheared aperture with
. pupil function ¢(x,y)
X B'- Sheared aperture’'with
P 3 8 % pupil function ¢(x,y-4
| ' :
. g h Y (interferogram)

(scanner)
(b) y-sheared interferogram,

Figure 35.- Schematic of x and y-sheared WSI interferograms
showing measured parameters for input to data-
reduction computer program,
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Computation Program Listing

TRE FAOLLOWING PPGRAM PERFORNS THE DATA REDUCTION OF WSI
INTERFEROGRAMS TO OBTAIN PUPIL FUNCTION, OTF, MTF, AND PTF
FOR TEST LENS

INPUT DATA ARE FRINGE-PEAK POSITIONS FROM EITHER -

(1) MANUAL SCANNER OR (2) AUTONATIC SCANNER

DIMENSION B(23),C(4,32),DE(32,32),DU(32),DUMNY(2),HD(32,32),
INI(32,32),M11(32,32),M12(32,32),P(72,32,2), VD(32,32),X(32,32,2),
2XDUNM( 32)

DIMENSION TEST(6)

COMPLEX TRANS(32,32),0TF(65,65)

REAL JDUM(32)

INTEGER PASS,CUBE, FACUS

EQUIVALENCE (HD(1,1),P(1,1,1)),(VD(1,1),P(1,1,2))

THE FOLLOWING PARAMETER IS READ AS INPUT TO IDENTIFY TEST LENS
READ(5,3) (TEST(I),1"1,6)
FORMAT(6AG)

THE FOLLOWING PARANETER IS READ AS INPUT TO PERNIT DETERMINATION
OF PUPIL-FUNCTION PHASE IN PLANE 6F BEST FOCUS
READ(S, 10)FOGCUS :

THE FOLLOWING PARAMETERS ARE READ AS INPUT TO PERMIT DETERMINATION

OF THE EFFECT OF THE CUBE INTERFERONETER ON TEST-LENS WAVEFRONT
READ(S5,11 )JCUBE, THICK

FORMAT( 12,F10.3)

THE POLLOWING PARAMETERS ARE READ AS INPUT DATA IN ORDER TO
CALCULATE SHEAR DISTANCE (DELTA) AND SPATIAL FREQUENCY ( DELTXY)
READ(S5,15)2L,22,XMAG,PHI,WAVEL

FORNAT( 3F10.3,2E10.3)

THE FOLLOWING PARAMETER IS READ AS INPUT TG ALLOW PROGRAM T6
HANDLE DATA FROM DOUBLE-PASS SYSTENK

READ( 5, 10)PASS

PORMAT(12) ’

THE FOLLOWING PARAMETER IS READ AS INPUT TO INDICATE IF
INTERFEROGRAMS WERE SCANNED MANUALLY OR AUTOMATICALLY
READ(S5,10)INPUT

IFCINPUT.EQ.1) GO TS 100

IF( INPUT.EQ.2) GO TGO 200

THE FOLLOWING PARANETERS ARE READ AS INPUT DATA IF THE y
INTERPEROGRAMS ARE SCANNED MANUALLY
READ(S,16 )CX,CY, POSX, POSY, RADIUS

FORMAT(5F10.3)

READ(S, 12 INSX,NF1

FORMAT( 312) »

READ(S, 12 )NSY,NF2 .
FRINGE=PEAK PUSITIONS ARE READ FOR A GIVEN SCAN
MAXINUM N6, OF FRINGES ALLOWED PER FRAME IS 29
Ne1

NSS*=NSX

READ(5,12)K,J1,J2

READ(S,14 X X(J, K ,N),J*J1,J2)
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14 PORMAT(SXF7.3)
IP(K.LT.NSS) G6 T6 201
IF(N.EQ.2) GO T6 19
. Ne=2
; NSS *NSY
: 66 T6 201

19 NS*MAXO( NSX,NSY)
WRITE( 6,1 )TEST
$ PORMAT(1H1;10X'THE FOLLOWING PRINT OUT RESULTS FROM A COMPUTER DAT
2A REDUCTION OF TWS INTERFEROGRAMS OBTAINED BY TESTING THE'//48X 6A
36//35X ‘6N THE WAVEFRONT SHEARING INTERFEROMETER (WSI) TEST SYSTEM'
8////7)
WRITE(6,30) .

30 FORNAT(1H 'VALUES AND DEFINITIONS OF PROGRAM PARAMETERS ARE PRINTE
1D BELOW -1/6X'NOTES (1) X AND Y AXES ARE COMRDINATE SYSTEN OF SCAN
2NER'/12X'(2) DISTANCE VALUES ARE IN MM UNLESS SPECIFIED OTHERWISE'
3//7) :

WRITE( 6, 29)
29 PORMAT(1H 'INPUT = ) INDICATES THAT INPUT DATA WAS FRINGE-PEAK POS
1 ITIGNS GBTAINED FRGM MANUAL SCAN'!/)
IP(PASS .EQ. }) WRITE(6,205)
IF(PASS .EQ. 2) WRITE(6,206)
208 FORMAT(1H 'PASS = 1 INDICATES THAT TEST SYSTEM WAS SINGLE PASS'//)
2065 FORMAT(1H 'PASS * 2 INDICATES THAT TEST SYSTEM WAS DOUBLE PASS!'//)
WRITE(6, 31 )CX,CY,POSX,POSY, RADIUS,NF1 ,NF2 ,NSX,NSY,NS

31 FORMAT(1SX'FRAME 1| IS X-SHEARED INTERFEROGRAM AND FRANE 2 IS Y-SHE
1ARED INTERFERGGRAM!///4X'CX * 'F8.3,SX'DISTANCE ALONG X-AXIS BETWE
2EN Y-AXIS AND APERTURE EDGE IN FRAME 1!//4X'CY = 'FB8,.3,5X65H '
3 " [N} (] (] " " " 11 FRANE 2//4xlpg
A8 = IF.3,5X!DISTANCE ALONG Y~-AXIS BETWEEN FIRST SCAN POSITIUN AN
S$D X-AXIS IN FRAME 1'//4X'PasSYy = 'F8.3,5X71H " v " i
6 ! " " " o " 11 PRAME 2//4X'RADIUS = 'Fa8,
73,5X 'RADIUS 6F TEST-LENS APERTUREY//4X!NF1 = 'I3,5X'NUMBER OF FRIN
8GES IN FRAME 1'//4XINF2 = '13,5X28H ‘¢ LR te 11 FRAME 2//8

' OXINSX = 013,5X!NUMBER OF SCANS IN FRAME 1'//4X'NSY  913,5x26H !
! 1 "o 11 FRAME 2//4X'NS = 113, SXIMAXIMUM NUMBER OF SCANS IN
2FITHER FRAME!)

IF( INPUT.NE.2) G6 TO 34

THE FELLOWING PARAMETERS ARE READ AS INPUT DATA IF THE
INTERFERGGRAMS ARE SCANNED AUTOMATICALLY
200 READ(5,16) CX,CY,PUSX,POSY,RADIUS
READ( S, 1 2 INSX, NF1
*  READ(S,12)NSY,NF2
WRITE(6,1) TEST
WRITE(6,30)
WRITE(6, 33) 3
33 FORMAT(2X'INPUT * 2 INDICATES THAT INPUT DATA WAS FRINGE-PEAK POSI 1
X 11TIONS 6BTAINED FROM AUTONATIC SCAN'!/) . "

an

=

IF(PASS .EQ. 1) WRITE(6,205) |
. IF(PASS .EQ. 2) WRITE(6,206) . . *
! N*} . i
| NS*=NSX .

4 210 READ(S, 215N (X(J,K,N),J*1,7),K*1,NS)
g ¥ READ(S,219 K (X(J,K,N),J*8,15),K*1,NS)

!

3

" L’
READ(S, 219 M (X(J,K,N),J"16,23),K"1,NS) 4
READ(S5,219 M (X(J,K,N),J"24,29),K"]1 ,NS) &
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IF(N.EQ.2) GO TO 35
Ne2
NS =NSY
GO TO 210
215 FORMAT(7X,7F7.2)
219 FIRMAT(BF7.2)

35 NS*MAXO( NSX,NSY)
WRITE( 6, 31 }CX,CY,POSX,POSY, RADIUS,NF1 ,NF2 NSX,NSY, NS

34 WRITE(6,38.)ZL,22,PHI,WAVEL, XMAG, THICK

38 FORMAT(/1H ! ZL = 'F8.3,5X
1 'DISTANCE ALONG OPTICAL AXIS BETWEEN BACK FACE OF CUBE INTERFERGME
2TER AND TEST-LENS FecUS!//1H ! 22 = ‘Fe.3,5X'IMAGE DISTANCE OF T
3EST LENS! /718 PHI = ! EG.4,2X'RAD! SX!'SHEAR ANGLE OF C
AUBE INTEPFEROMETER'//1H ! WAVEL = ! EQ .4, 2X'NN'SX'WAVELENGTR 6F
SLIGRT SOURCE'//1R ! XNAG * 'F6.3,5X'MAGNIFICATION OF INTERFERENC
6E PATTERN OCCURRING IN SCANNED INTERFEROGRAN!//1H ! THICK = 'F7,
73,2Xx 'MMISX'wSI CUBE THICKNESS!/)

c COMPUTE SHEAR DISTANCE IN INTERFEROGRAM FOR COORDINATE
c NORMALIZATION
DELTA®(ZL*Z2 )sPHI#XNAG
WRITE( 6,39 )DELTA :
39 FORMAT(1H ' DELTA = 'F6.3,5X!COMPUTED SHEAR DISTANCE'/)

c » COMPUTE FRINGE SPACING IN INTERFERGGRAM FOR IDEAL LENS
ZL*ABS(ZL)
FREPAC®( (WAVEL#Z2)/(ZL#PHI ) )#XMAG 1
. WRITE(6, 40 )FRSPAC i
40 FORMAT(1H ' FRSPAC = !F8.3,5X!FRINGE SPACING FOR IDEAL LENS!/)

WRITE(6,42)

42 FORNAT(1Bl1 'FRINGE-PEAK POSITIONS X(J,K,N) AS SCANNED (INPUT DATA)
1ARE PRINTED BELOW =-V/) J = FRINGE N9.!5X'K * SCAN NO.!'//! VALUES
2 OF X(J,K,N) ARE PRINTED IN 2 BLUCKS FOR EACH FRAME!'//' MAXIMUM N
3UMBER OF FRINGES AND SCANS ALLOWED, PER FRAME IS 29!) i
DO 49 N=31,2
WRITE(6, 191 )N
WRITE(6,43)

43 FORMAT(1H 3xVJiaxtytrxtatrxtadrxlatrxistrxtet7xt7irxtst7zxiolextio!
16X1130ex'1206x'1316X"1406X 415160164,/ XV)
DO 44 Kk=1,30

44 WRITE(6,45)K,(X(J,E,N),J"1,16)

3

-

45 FORMAT(1H 12,1X16F8,3)
g WRITE(6,46)
46 FORNAT(//1H 3x1J'2x%17'6Xxt1806X%19%6X120'6X 021 16X12206X12306X 2408
1X'2stex26'ext27l6x'28%6x25 /Y K!) J
DY AT K*}1,30 1
. 47 WRITE(6,45)K,(X(J,K,N),J=17,29) ;
J 4% CONTINUE

REVERSE ORDER OF DATA IN EACH SCAN OF SECOND INTERFEROGRAN TG
PERMIT LATER REGISTRATIOGN OF DATA FRON TW@ INTERFEROGRAMS
TRIS CORRECTION ASSUMES A 90 DEGREE ROTATION CLOCKWISE BETWEEN FIRST
AND SECOND INTERFERUGRAM
DATA 1S SIMULTANEOUSLY SHIFTED TO ALLOW TWO CULUMNS OF ZEROES
K=l

302 DO 303 J=1,NF2
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303 DU(J)"X(J K, 2)

DO 305 J*1,NF2

308 X(J*2,K,2)"DU(NF2*1-J)

IF(X.GE,NS) GO TG 310
K=K°*}
GO TO 302

DATA FROM FIRST FRAME IS SHIFTED TO ALLOW FOR TWO COLUMNS OF ZEROES

310 k=1

301 DO 304 J*i,NF1 . "o

304 DU(J)"X(J,K,1)

DO 306 J=1,NF1

306 X(J*2,K,1)°DU(J)

IF(K.GE.NS) GO TO 311
| $2 94 )

G0 T6 301

DO 312 K=1,NS

D8 312 J=1,2

x(J.‘.z )-00

312 x(J,K,1)"0,

318

320

190

406
191
192
193
194

196

CONVERT FRINGE=PEAK POSITIONS TO NORMALIZED COORDINATES USING

DELTA AND MOVE ORIGIN OF COORDINATE SYSTEM UNTIL AXES ARE TANGENT
TO0 LENS APERTURE '

NF1A=NF1+2

NP2A*NF2°+2 *

N=1

DO 31S Kk=1,NS

DO 315 J*1,NFlA

IP(X(J,K,N),LT, 0,001) GO TO 315
X(J,K,N)=ABS((CX~X(J,K,N))/DELTA)
CONTINUE

Ne2

D8 320 K°*i NS

DG 320 J=),NF2A

IP(X(J,K,N).LT. 0,001) G& TO 320 .
X(J,K,N)"ABS((CY-X(J,K,N))/DELTA)
CENTINUE

WRITE(6,190) '

FORMAT(1H!, 'NORMALIZED FRINGE POS[TIONS X(J,K,N) ARE PRINTED BELOW
1 =l/0 J = FRINGE NO, K * SCAN NO,1//' VALUES OF X(J,K,N) ARE
2PRINTED IN 2 BLOCKS OF 32( ROWS) BY 16(COLUNNS) FOR EACH FRAME!//!

3ANGTE - THE FIRST FRINGE WAS ASSIGNED J*3 AS INPUT DATA, THE SECOND
4 FRINGE J®4, ETC.!)

DO 199 N=1,2

WRITE (6,191 )N

FORMAT(///18B 62X 'FRAME '12///) .
WRITE (6,192) '

FORNAT(1H 3axtJiaxt2i7xiatyxlatrxistrxtet7xt 7' 7xtiat7xt9text10%6x'11 ;
1lexti12tex'iatlextialextistextielextiziyzst i)

Do ‘163 K*1,32 :
WRITE(6, 154 )K, (X(J,K,N),J=2,17)

FORMAT(1M 12,1X16F8.3/)

WRITE(6,196)

FORNAT(//1H 3xtJgtaxtiatextiolexti2oltext2r1iexta2textia3text2aloxtastes
1x026t6x127'6x12806x12606x1306X 131 16X13216x 1338/ (1)

DO 197 Kk*1,32 f
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C
C

c

o,

-y

167 WRITE(6,164 )X, (X(J,K,N),J"18,33)

199

349

350

321

322

CONTINUE

INTERPOLATE FRINGE-ORDER VALUES AT GRID POINTS COMMON " J
FRAME 1 AND FRAME 2

POSX=POSX/DELTA

POSY=POSY/DELTA

U~poOSY

JEIN®O

JMAX =0 -

Ne=1

NS *NSX

WRITE( 6, 349)

FORMATI 1Hl 'THE FOLLOWING GRID POINTS XINT, IF ANY, LIE INSIDE LENS

1 APERTURE BUT OUTSIDE REGION OF INTERPOLATION!///)

DO 340 K~1,NS 4
D6 323 J=3,31

IF(JMIN.GT.0) GO TO 321 X
IF(X(J,K,N).LT.0.,0001) GO TO 323
JUIN=J

IP(X(J,K,N).LT.0,0001) GO TO 322
GO TO 323

JMAX =J -1

Ge TO 326

323 CONTINUE

326

329

330

335

NeJMAX=JMIN®1

DO 329 J=JNIN,JMAX

XDUK(J =JMIN*1 )*X(J,K,N)

JDUM(J=JMIN®1)=J

IF(M .LE. 2) GO TG 800

CONTINUE

USE SUBROUTINES T6 INTERPOLATE FRINGE 'DEVIATION AT GRID POINTS BY
SPLINE-FITTING TECHNIQUE

REFERENCE - R.H. PENNINGTON, INTRODUCTORY COMPUTER NETHODS AND
NUMERICAL ANALYSIS, 2ND ED. ( THE MACMILLAN COMPANY, U.S.A., 1$70)
CALL SPLICE(XDUM,JDUM,N,C)

MM=XDUM(M)*1,00

JM=XDUM( 1)-1,00 ;

IPFCJM.LT.1 )IN=1

DO 335 JeJK,MNM

XINT=0*J

EDUM*K

CALL SPLINE( %DUM,JDUM,M,C, XINT, YINT,2335,N,KDUN)

SUBTRACT INTEGER ORDER NUNBER MULTIPLIED BY RATIO OF SHEAR
DISTANCE T6 IDEAL FRINGE SPACING FRUN INTERPOLATED VALUE TO GIVE
DEVIATION OF FRINGE FRON IDEAL FRINGE
P(J*2,K*2,N)*YINT-J&( DELTA/FRSPAC)
IP(N .EQ. 1) KI1(J*2,K*2)"1

IF(N .EQ. 2) NI2(K*2,J¢2)=1

ALL INTERPOLATED FRINGE-ORDER VALUES HAVE ALS% AEEN SHIFTED TO
ALLOW FOR TWO ROWS OF ZEROS

CONTINUE

JNIN=0

.

JUAX*=O

GO TG 340

SPECIAL EXTRAPOLATION FOUR SCAN WITH ONLY TWO FRINGE~PEAK LOGCATIONS
800 IF(K*s ,GT, NS) GO TO 8S0

XDuN(1l)=2.0
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880

XDUM(2)°3.0

XDUM(3}°4,0

IDUM(4 )*5,0

JDUMC 3 )*X( JMIN=1,K*]| ,N)
JDUM(2 )*X( JMIN=1,K*2,N)
JDUM(3 )= X( JMIN=-1,K*3,N)

JDUM( & )*X{ JMIN=1,K*4,N)

M=

XINT®1.0

KDUM"K . ‘-
CALL SPLICO(XDUM,JDUM,M,C)

CALL SPECSP(XDUM,JDUM,M,C,XINT,YINT,N,KDUM)
YONE=Y INT : :
JDUM( 1 )" X( JMAX*1,K*1,N)

JDUM( 2 )*X( JMAX*1,K*2,N)

JDUM(3 )*X(JMAX*1,K*3,N)

JDUM( & )" X( JXAX*1,K*4,N)

CALL SPLICO(X1IM,JDUN,N,C)

CALL SPECSP(XDUM,JDUN,N,C, XINT,YINT ,N,KDUM)
XDUM( 1 )= YONE

XDUM( 2 )*X¢( JMIN,K,N)

XDUM( 3 ) X(JMAX,K,N )

XDUM(A )*YINT

JDUM(1 )= JUIN-]

JDUM( 2 )= JMIN

JDUMNC 3 )= INAX

JDUM( & )=JIMAX*1

60 TO 330

XDUM(1)*=1.0

XDUM(2 )=2.0

XDUN(3)*3.0

XDUM( 4 )=4,0
JDUMC1 )*X( JNIN=1,K=4,N)

JDUM(2 )*X(JMIN=1,K=3,N)
JDUM(3 )eX( JMIN=1,K=2,N)’

JDUM( 4 )*X( JMIN=1,K=1,N)

VLYY

XINT*S.0

EDUM*X

CALL SPLICG(XDUM,JDUM,M,C)

CALL SPECSP(XDUN,JDUM,M,C,XINT,YINT,N,KDUN)
YONE*YINT

JDUM(1 )*X(JNAX*1,K=4,N)

JDUM(2 )"X(IMAX*1,K=3,N)
JDUM(3 )"X( JMAX®*1,K=2,N)

JDUM( 4 ) X( JMAX*1 ,K=1,N)

CALL SPLICO(XDUM,JDUM,M,C)

CALL SPECSP(XDUM,JDUM,N,C,XINT,YINT,N,KDUX)
XDUN( ) )"YONE

XDUM( 2 )*X( JNIN,K,N)

XDUM( 3 )*X(JMAX, K ,N)
XDUN( A& )*YINT

JDUM(1 )=JMIN=1

JDUM( 2 )=JIMIN

JDUM( 3 )= IMAX

JDUN( 4 )= JMAX*]

G6 TO 330

340 CONTINVUE

——————
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IF(N.EQ.2) GO TO 360
Ne2
N8°*NSY
U=rosx
VAR2°POSY
_ GO0 10 350
C P(J,K,N)'S ARE NOW INTERPOLATED TO SAME GRID
RESET NS TO¢ PREVIOGUS VALUE .

C
360 NS=MAXO( NSX,NSY)

X 300 WRITE(6,600)
' 600 PORMAT(1H1 'VALUES OF MI1(I,K) ARE PRINTED BELOW =1//' KI1 = 1 IMD
1 ICATES THAT A VALUE OF FRINGE ORDER P(J,K,N) WAS INTERPULATED AT G
2RID POINT ((*2,K*2) IN X-SHEARED INTERFEROGRAM'//! NOTE - FOR CAS
3E OF TWO INPUT FRINGE PEAKS IN A SCAN, ONE VALUE OF P(J,E,N) IS IN

ATERPOLATED AND TWO VALUES MAY RE EXTRAPOLATED'///)

WRITE( 6,601 )NI]
601 FORMAT(1HO,3213)

WRITE(6,602)
602 PORMAT(1HI 'VALUES OF MI2(I,K) ARE PRINTED BELOW =1 //1

1ICATES THAT A VALUE OF FRINGE GRDER P(J,K,N) WAS INTERPOLATED AT G
2RID PAINT (K*2,I¢2) IN Y-SHEARED INTERFEROGRAM!//' NOTE - FOR CAS
3E OF TWO INPUT FKINGE PEAKS IN A SCAN, ONE VALUE OF P(J,K,N) IS IN

ATERPOLATED AND TWO VALUES MAY BE EXTRAPOLATED'!///)
WRITE(G6,601 )MI2

MI2 = 1 IND

C FRINGE-ORDER DEVIATIONS ARE DIVIDED BY 2 IF THE WSI SYSTEM 1S
C DOGUBLE PASS
500 IF(PASS.EQ.1) GO T6 550
DO S01 N-=1,2 .
DO 501 K°=1,31

D8 501 J°=1,31
PJI,K,N)"P(J,K,N)/2.0

$01 CONTINVE

850 WRITE(6,370) ’
"IFRINGE-ORDER DEVIATIONS P(J,K,N) DETERMINED

370 PORMAT(1H]

1AT GRID POINTS BY INTERPOLATION FROM ADJACENT ORDER VALUES ARE PRI
2NTED BELOW!/! J = COLUMN N6, 6F GRID POINT K = ROW N6, OF GR
3ID POINT!//! VALUES OF P(J,K,N) ARE PRINTED IN 2 BLOCKS OF 32(ROWS

4 ) BY 16(COLUNNS) FOIR EACH FRAME!//! NOTE - VALUES AT GRID POINTS F
SOk WHICH J®°1 (NOT PRINTED), J=2, AND AT GRID POINTS FOR WHICH Kk°1},

HAVE BEEN SET EQUAL TO 0.0')

Y 2 6 X=2,
i DO 299 N°=1,2

; o WRITE(6, 191 )N

WRITE(6,192)

1 2 DO 293 Kk=1,32
¥ . 293 WRITE(6, 194 )k, (P(J,K,N),J*2,17)

%) . WRITE(6, 196)

i DO 295 K=1,32

¥¥ 295 WRITE(6,194)K,(P(J,K,N),J=18,33)

i 299 CONTINUE

iﬁ c CALL SUBROUTINE T6 DETERMINE PHASE OF PUPIL FUNCTION
k

ﬁ‘ D
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NSA=NS*2

DEVMAX =0

DEVMIN®O

CONVERT FOLLOWING PARAMETERS TO ACTUAL COORDINATE SYSTEM OF LENS
APERTURE

XCEN*RADIUS

YCEN*RADIUS

RADIUS*RADIUS/XMAG

DELTA*DELTA/XMAG

XCEN*XCEN/XMAG -

YCEN*YCEN/XMAG

POSX=POSX#DELTA

POSY*"POSY#DELTA

COMPUTE F/NUNBER 6F TEST LENS

FNO*=0.5#22/RADIUS

CALL DEV(MI,DE,NSA,W11,M12,DEVMAX,DEVMIN, RADIUS,DELTA,HD, VD, POSX,
1 POSY, XCEN, YCEN, B, WAVEL, F6CUS, TEICK,Z2,SUM,PASS,CUBE, Z2BEST,FNO,
2RMSMAX )

DETERMINE PUPIL FUNCTION OR ¢(:0MPLEX TRANSMI TTANCE MATRIX
DO 400 K*=2,NSA
DO 400 J=2,NSA
IF(MI(J,K).EQ.C) TRANS(J,K)=(0.0,0.0)
IP(MI(J,K).EQ.0) GO TG 400
IF(MI(J,K).EQ.2) NI(J,K)"1
A*COS(6,2831852#DE(J,K) )*NI(J,K)
D*SIN(6,2831852#DE(J,K) )#MI(J,K)
TRANS( J, K)"CMPLX(A,D)
400 CONTINUE
WRITE( 6, 390)
390 FORMAT(IH!'VALUES 6F THE PUPIL Fuucrxon TRANS(I,K) ARE PRINTED BEL
itow ='///' THE PUPIL FUNCTION IS A COMPLEX QUANTITY AND, THEREFORE
2, EACH VALUE IS A PAIR OF NUNBERS'/! VALUES OF TRANS(1,K) ARE PRI
3NTED IN & BLOCKS OF 32(R6WS) BY B(COLUMNS)!///)
WRITE(6,3%1)
391 FORMAT(1H 2XiIfextitisxt2iisxtatisxlalisxisiisxletisxiziisxiat
1 KY)
D68 700 K*1,32 .
700 WRITE(6, 392 )K,(TRANS(I,K),1"1,8)
392 FORNAT(1H 12,1X16E8,.3)
WRITE(6,393)
393 FORMAT(1H12X'Ilgx'911sx11001aX 11014x'12014X'13014X03414x" 1501 4X!
116'/' 1)
DO 701 K=1,32
701 WRITE(6, 392 )K,(TRANS(I,K),1°9,16)
WRITE (6,394)
394 FoRuAT(//nnxzx't'7x'17'14x'15'14x019'14x'2o'14x'21'lax'zzlxax'zsll
1axizat/ v gt
peé 702 K=1,32
702 WRITE (6,392)K,(TRANS(I,K), 1=17,24)
WRITE (6,395) )
395 FORMAT(//1H12X1IV7x'25114Xx126014aX127034aX'2801aX120934X%30114x132 1)
taxfis2t/v gt -
DG 703 K=1,322
703 WRITE(6, 362 )K,( TRANS(1,K),1+25,32)

OOMPUTE ACTUAL SPATIAL FREQUENCY INCREMENT (REDUCED INCREMENT IS
USED IN COMPUTATION OF OTF)
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DELTXY"DELTA/( WAVEL#22)

IP(FOCUS .EQ. 1) GO T® 705

c IF PLANE OF BEST POCUS WAS DETERMINED, THEN DELTA, DELTXY, AND FNO
c MUST BE RECOMPUTED USING DISTANCE FROM EXIT PUPIL TG PLANE OF BEST
c POCUS
DELTA®(ZL*Z2BEST )#PHI
DELTXY *DELTA/( WAVEL®Z2BEST )
FNOBST"0.S#Z2BEST/RADIUS
FNG=FNOBST, z
c USE SUBROUTINE TO DETERMINE OPTICAL TRANSFER FUNCTION
. 708 CALL CORREL(MI,B,DELTA,OTF,DE,SUM)
INDEX=1

WRITE(6,740)
740 FORMAT(1H1 'VALUES OF THE OPTICAL TRANSFER PUNCTIGN, OTF, ARE PRINT
: 1ED BELOW -'///' THE OTF IS A CONPLEX QUANTITY AND, THEREFOGRE, EAC
' 28 VALUE IS A PAIR OF NUMBERS'/! VALUES OF OTF(I,K) ARE PRINTED IN
3 8 BLOCKS OF 65( ROWS) BY 8(COLUMNS)'///)
741 WRITE(6,391)
DO 745 K*1,65
745 WRITE(6, 352 )K,(OTF(1,K),1*1,8)
WRITE(6,393) ' .
DO 7456 K*1,65 : 4
746 WRITE(G6,392)K,(OTF(1,K),1°5,16)
2 WRITE( 6, 354 )
DO 747 K*1,65 ¢
747 WRITE(6, 392 )K,(6TF(1,K),I17,24)
WRITE( 6, 355)
DO 748 K=1,6S
748 WRITE(G, 392 )X, (OTF(I,K), 1°25,32)
WRITE( 6, 396) :
3906 FORMAT(//1H12X'117X133014Xx134114X'35114X136114X937114x038014X1391

Rk b

1axtaot/?' xt)
DO 749 K*1,65

749 WRITE(6, 392 )K,(OTF(1,K),1°33,40) 3
WRITE( 6, 397) :

397 PORHAT(//!B!ZX'I‘?X'AI'lAX'Q2'148‘43'1&X'46'14!'45'14!'66'14!"7'!
taxtagt/v xt)
D6 750 K*=1,65

750 WRITE(6,362 )X, (OTF(I,K),1°41,48) ‘
WRITE( 6, 398)

-7} roRuAr(//xnxzx'x'7x'49'10x'so'14x'51'14!'52‘1Ax'53'14x'54'141'ss'1
1axtsel/t k)

. D6 751 K=1,6S5

751 WRITE(6, 392 )K,(OTF(1,K),1°49,56)
WRITE( 6,399)

399 FORMAT(//1H12X'1'7x!57014x!58114X159%14X%60% 14X 62 14X%62114X1'630)

i

- 14xt6at/t ')

) Do 752 K*1,65

3 752 WRITE(6,392 )K,(OTP(1,K),1°57,64)
. IF( INDEX .EQ. 2) GO TO 765

DETERMINE MODULUS ( NTF) AND PHASE (PTF) OF OPTICAL TRANSFER
FUNCTION (OTF)

SAME VARIABLE, OTP, IS USZD FOR COMPLEX NUMBER WHGSE REAL PART IS
THE MTF AND THRE IMAGINARY PART IS THE PTF -~ THIS SAVES STORAGE

DG A0S Kk=1,65

(e Mo Mol
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¥ DO 405 J=1,65
DUMMY( 1 )*CABS(OTF(J, X))
DUMMY(2)=0.0
DUM*REAL(UTF(J,X))
DUM® ABS( DUM)
{ IF(DUM. .LT. 10.E=6) GO TO 405
: DUMMY( 2 )*"ATAN2( AIMAG(OTF(J,K)), REAL(OTF(J,K)))
40% OTF(J,K)*CMPLX( DUMMY(1),DUMNY(2))
INDEX®2
WRITE(6,760) -

760 FORMAT(1H1 !VALUES OFP THE MODULUS ( MTF) AND PHASE ( PTPF) OF THEE OPTI!
1CAL TRANSFER FUNCTION ARE PRINTED BELOW -1///' THE MTF AND PTF' VA 3
2LUES ARE PRINTED AS A PAIR IN 8 BLOCKS OF 6S(ROWS) BY 8( COLUMNS)!/ }-
/) . -

G6 TO 741

T7E€S CONTINUE

C SEARCH NI(I,K) VALUES TO DETERMINE PARAMETERS NS1 AND NS2 FOR ;
[ PLOTTING PROGRAM

NSi*0

NS2=0

DG 435 Kk-1,32 I
DO 43% I~1,32 i
IP(NI(I,K) .EQ. 0) GO TO 435
IP(1 .LE, NS1) GO T6'a30
NS1 1

430 NS2°k

ﬂ 435 CONTINUE

1 c WRITE INFORMATION GENERATED BY THIS PROGRAM ON TAPE FOR USE WITH

c PLOTTING PROGRAM

. WRITE TAPE 7, DEVMIN,DEVMAX, RADIUS,WAVEL,DELTA,DELTXY,DE,6TF,NSI1,

1 NS2,FNO, RUSNAX '

ENDFILE 7
WRITE( 6,440 )DELTA, DELTXY,RADIUS, WAVEL ,DEVMIN,DEVMAX,NS1,NS2,FNG,.
1 RMSNAX

440 FORNAT(1H] 'TEE FOLLOWING PARAMETERS, IN ADDITION TG THE DE AND OTF
1 VALUES, ARE WRITTEN ON TAPE WHICH BECOMES INPUT TO THE PLOTTING
2PROGRAN'/! THIS LISTING SHOULD BE CHECKED BEFORE RUNNING PLOTTING
3 PROGGRAM'///' DELTA =~ VP8,3,10X'DELTXY = 'F8.,3//' RADIUS.= IF8,.3,9
AX'WAVELENGTH = 'E9.4//' DEVMIN = 'F8,3,9X'DEVNAX = 'F8.3//' NSl =
5112,18XINS2 = '12//' P/NUMBER = 'F8.3//' RMSNAX * LAMBDA/'F8,3)

SToP
END
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SUBROUTINE DEV( MI,DE,NSA,MI1,M12,DEVMAX, DEVMIN, RADIUS,DELTA,HD,VD,
1 POSX, POSY, XCEN,YCEN, B, VAVEL, F6CUS, THICK ,22, SUM, PASS, CUBE , Z2 BEST,
2FNYU, RUSNAX )

DIMENSION B(23),BABEST(250),C(23,23),DE(32,32),DEL(32,32),

1 DERNS(32,32),DUL(32),F(24),8D(32,32),N1(32,32),M11(32,32),

2M12(32,32), NAMEI(23),NAME2(23 ) ,NAME3(23 ) NANMEA4( 46) ,NANES(A6),

! INANEG(46), POLYNX(23),0( 23),RMSDE( 250),V( 32, 32),VD( 32,32),
AXGRID( 33,23),X1(33),X2(33),YGRID(33},222(250)

INTEGER PASS, CUBE, FOCUS -

DATA NAME1/6HCONSTA,6HX-TILT,6BY-T1LT,6HFOGCUS ,6HO0 DEG ,6H45 DEG,&
1 HX~COMA, 6HY-COMA, 6HX-CLOV, 8HY~-CLOV, 6HSPRFPI ,6KO DXG ,6H45 DEG,6H
2 2, 6H » 6HX=CONA, 6HY-COMA , 6HX-CLOV,6HY-CLBV, 6K L6H
3 _6HSPHERI, 6BSPHERI/

DATA NAME2/6HNT . 6H +OH ,6HDEFECT,6HASTIG, ,6H ASTIG,6
1H(3RD) ,6H(3RD) ,6HER(3RD,6HER( 3RD, 6ECAL( 3R,6HASTIG.,6H ASTIG,6R
2 LO6H LOH(STH) ,6H(STR) ,6HER(STH,6HER(STH,6H »6H
3 ,6HCAL(ST,6HCAL(7T/

DATA NAME3/6H .68 » 6K 2 6H »O6H(3RD) ,6H.(3RD),6
18 . 6H +6H) +6H) + GHD) +OH( STH) ,6H.(STH),6H
2 . O6H 2, 6H . 6H J6H) JOH) +6H .68
3 ,G6HR) L6HH) /

DATA NAME4/6HCONSTA,G6H J6HX . ,6H »,6HY JOH 2 o6
1HX * Y,6H 2 _SHX - Y,6H ‘bOH2 XY L6H 2 L6HX(X <*,6H
22 ,L,6HY(X <*,6F 2 ,6MX(X ~-,6H 2 ,6HY(3X ,6H 2 JOF(X ®
3 ,6H 4 JOHX = Y,6H L6H2 XY ( ,6K & ,6HX = 6,6H .6
AHA XY (,6H 2 LOEX(X <*,6H 2 L,6HY(X <*,6H S L6HX -~ 2,6H
| ' 54 L6H3X Y *,6H S JOHX - 1,6E & JOHSX Y «,6H 2 JOH(X *

6 ,68H 2 L,6H(X +* ,6H /
DATA NAMES/6HNT » OH » 6N Y 268 » 6H2 .6
: 18 , 6H2 ,68 LOH - » OH. J6H 2 JOH Y ) ,6R
22 L,6BY ) ,L,6H 2 ,6H 3Y ) ,6HE 2 L6H- Y ) ,6H2 2 ,6HY )
3 ,6H4 JOH L6H 2 L6HX * Y,6H 2 2 ,6H.X Y ,6H 2 o6
A4HFX - Y,6H 2 2 ,6HY ) ,6H 22 ,6HY ) L,6K 32 ,6HX Y =-,6H
$ 2 3,6K 2X Y ,6H 32 ,6HOX Y ,6H 2 ,6H 10X Y,6H 2 3 ,6HY )
6 ,6H2 & ,6HY ) o+ 6H /

DATA NAME6/6E . 6H o6 . 6H L6R Y| 6
18 ., 6K JOH ° » 6B L 6H +6H ,OH JOH
2 268 J6H L6H J6H . 6H »6H o 6H
3 ,6H L6H , 6H2 J6H ) +6H a4 ,6H* Y ,6H2 .6
AH ) . 6H 0K » SR +,6H SO 4 ,6H 3XY ,6H
& &5 ,6H - Y ,6H 4,6H* SXY ,6H3 5,6H * Y ,6H LOH
6 ,6H +6H » 6H /

THE PUPIL-FUNCTION PHASE IS FIRST DETERMINED TO WITHIN A CONSTANT
SELECT A GRID POINT (K1,K2) AT, OR NEAR, THE CENTER OF THE LENS |
APERTURE AND SET DEL = 0.0 {
THEN SOLVE FOR DEL AT ADJACENT GRID POINTS FOR WHICE INTERPOLATED
FRINGE DEVIATIGNS ARE ENGWN
K1=(NSA®1)/2
K2=(NSA*1)/2
3 - ASSIGN 145 TO N
¢ . DEL(K1,X2)*=0.0
MI(K1,K2)°1 .
Jexi £
K=K2
142 J=Je1
F2(K.GT. K2 )GO TO 160

aAaNO0O0
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161

160

162

165

16

143
144

167

170

173

1756

176

IF(K.LT.XK2)GO TO 165
IF(MI1(J,K).EQ.0) GO TO 143
IF(MI(J-1,K).EQ.0) GO TO 143
DEL(J, K }*HD(J,K )*DEL(J=1,K)
MI(J,K)=1

GO T6 142

IF(MI2(J,K).EQ.0)GO TG 161
IF(NI1(J,K).EQ.0)GO TO 162
IF(NI(J-1,K).EQ.0) G6 TO 162
IF(MI(J,Ks1).EQ.0) GO T6 161 -
DEL(J,K)=.5#{DEL(J=1,K)*DEL(J,X~1}*HD(J,K)*VD(K,J))
MI(J,K)=1

GO TO 142 :
IF(MI(J,K-1).EQ.0) G6 TO 142

DEL(J,K)*DEL(J,K=1)* VD(K,J)
MI(J,K)*1
GO TO 142

IF(MI2(J,K*1).EQ.0)GO TO 161
IF(MI1(J,K).EQ.0)GO TO 166
IP(MI(J-1,K).EQ.0) GO TO 166
IF(MI(J,K*1).EQ.0) GU T6 161
DEL(J,K)*.58(DEL(J=1,K)*DEL(J,K*1 )*KD(J,K)=VD(K*1,J))
MI(J,K)=1 ' .

GO TO 142

IF(NI(J,K*1).EQ.0) GO TO 142
DEL(J,K)*DEL(J,K*1 )=VD(K*1,J)

MI(J,K)*1

GO TO 142

J=K1

J=J-1

IF(K.GT.X2 )G6 TG 170 .
IF(X.LT.X2)GO TO 175 )
IF(MI1(J*1,K).EQ.0)GO T6 M,( 145,147)
IP(NY(J*1,K).EQ.0) GO TO M,(145,147)
DEL(J,K)*DEL(J*1,K)=HD( J*1,K)

MI(J,K)=1

IF(NII(J,K) .EQ. O) MI(J,K)=2

GO 10 a4

IF(MI2(J,K).EQ.0)G6 TO 167
IP(NI1(J*1,E).EQ.0)GE TO 171
IF(MI(J*1,K).EQ.0) G6 T6 171
IF(MI(J,E-1).EQ.0) GO TO 167 )
DEL(J, K)*(DEL(J*1,K)*DEL(J,K=1)*VD(K,J )=HD( J*1,K)) /2
NICJ,K)*1

GO TO 144

IF(MNI(J,X=-1).EQ.0) GO 9 144

DEL(J, X )*DEL(J,K~1 )*VD(K,J)

NI(J,K)*1

GO T6 144

IF(NI2(J,K*1).EQ.0)GO T6 167
TP(MI1(J*1,K).FQ,0)G6 TY 176

TP NI(J*],K).EQ.0) GO TG 176
IF(MI(J,K*1).EQ.0) GO TO 167
DEL(J,K)=(DEL(J*1,K)*DEL(J,X*1 )-ED( J*1 ,K)=VD(K*1,J))/2
NI(J,K)*1

GO T6 144

IP(NI(J,K*1).E0.0) GO TG 144
DEL(J,K)*DEL(J,K*1 )=-VD(K*1,J)
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148

146

147

150

499

$00

501

40

MI(J,K)=1

GO TO 144

| &) &3

J=K1

IF(MI2(J,K) .EQ. O) GO TO 146

IF(MI(J,X-1).EQ.0) GO TO 146

DEL(J,K)*DEL(J, K~1)*VD(K,J)

MI(J,K)*1

GO TG 142

| L) & -

ASSIGN 147 TO M

Jex1 a
IF(MI2(J,K) .EQ. 0) G6 TO 150

IP(MI(J, K).EQ.0) G& T® 150

DEL(J,K~-1)*DEL(J,K)=-VD(K,J)

MI(J,K=1)"1

IF(MI2(J,K) .EQ. O0) MI(J,K-1)=2

) &) &3 )

GO T3 142

CONTINUE

WRITE( 6, 459 ),K1,K2

FORMAT(1H] '"VALUES OF DEL(I,K) ARE PRINTED BELOW =V///' DEL('12,¢,¢
112,') WAS SET EQUAL T0 ZERO!//' THE EXPERIMENTAL CONSTANTS B1,B2(X
2 TILT),AND B3(Y TILT) ARE UNKNOWN AT THIS POINT AND, THEREFORE,'/!
3 HAVE NOT BEEN RENOVED FROM THE COMPUTED DEL VALUES'///)

WRITE( G, 66) )

DPe 500 k=1,32

WRITE( 6,68 )K,(DEL(J,K),J~2,17)
WRITE(6,69)

P66 $01 K=1,32

WRITE( 6, 68)K,(DEL(J,K),J=18,33)

SB6LVE FOR ABERRATIGN COEFFICIENTS IN ACTUAL LENS COORDINATES WHERE
Y*0 AND X*0 AT LENS CENTER ( XCEN,YCEN),

TBE1S CHOICE OF COORDINATE-SYSTEM ORIGIN INSURES THAT THE PUPIL
FUNCTION 1S CENTERED AT LENS CENTER, THEREBY EQUAL T6 ZERO AFTER,
SUBTRACTING THE WAVEFRONT CONSTANT B(1).
DO 40 MM=1,23

DO 40 L=1,23

C(MN,L)=0,0

DO 20 K*2,NSA

D6 20 I=2,NSA
IF(MI(I,K).EQ.0) GO T8 20
Y*(K=2 )*DELTA*POSX - YCEN

X* (I-2}#DELTA * POSY - XCEN
P(1)*1.0

F(2) X

F(3)e=Y
P(A4)*F(2)sF(2)*F(3)*F(3)
F(5)*F(2)sF(2)-F(3)eF(3)
F(6)*F(2)#P(3)s2

P(7 )*F(2 )oF(4)
F(8)*F(3)esF(&)

F(9 )*F(2 )»(28F(5)=-F(4))
F(10)=F(3)e(2eF(S)*F(4))
F(11 )*F(Aa)aF(4)
F(12)°F(4)eF(S)
F(13)=F(A4)sF(6)
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PC(14)°F(5)eF(S)=-P(6)eF(6)
P(1S)"2eF( 6 )eF(S)
F(16)=F(2)eF(11)
F(17)*F(3)eF(11)
F(18)°F(4)eF(9)
FC(19)°F(A)eF(10)
F(20)°F(2)e( F(11)=2aF( 12 )*2eF( 14}
P(21)°F(3)8(F(11)°20F(12)*2eF(14))
P(22)°F(4)eF(11) ,
F(23)°F(11)eF(11) =
DUL( I)*DEL( I,K)
P(24 )°DUL( 1)
DO 151 L=1,23

Q(L)"Q(L)*F{L)sF(24)
PO 151 MN-L,23
COMM,L)*C(MN,L)*F(L)eF( MM)

151 C(L,MM)*C(MM,L) ,

20 CONTINUE ’

] CALL SUBROUTINE TO¢ INVERT MATRIX C(L,NX)

"CALL INVERT(C,23)
DO 60 I-1,23 A
B(I)0. '
D6 61 K*1,23

61 B(I)=B(1)*°C(I,K)*Q(K)

60 CONTINUE

IP(CUBE .EQ. 1) GO T@ 62
DETERNINE VALUES OF ABERRATION COEFFICIENTS INTRODUCED BY CUBE
THESE ABERRATIONS ARE SYMMETRICAL AND DO NOT INCLUDE THOSE
INTRODUCED BY TILTING THE CUBE = ALSO, THESE ABERRATIONS ARE
COMPUTED FOR THE INDEX OF REFRACTION OF THE CUBE EQUAL TO 1.46008
FOR DOUBLE-PASS SYSTEMS, ONLY 1/2 OF CUBE ABERRATIONS ARE
COMPUTED BECAUSE THE EARLIER DIVISION OF FRINGE DEVIATIONS ( WHICH
INCLUDE CUBE ABERRATIONS) BY 2 HAS ELIMINATED THE OTHER HALF
BACUB* 665, 534#( THICK/WAVEL )#(( 1,0/Z2)#82)#0 ,5461E~3
G8 T9 1SS .
62 BACUB * 0.0
395 B11CUB * -425,.550#( THICK/WAVEL)®((1.0/22)#84)#0.5461E=3
B22CUB*252.0004( THICK/WAVEL)#((1.G/22)##6)#0,.5461E~3
B23CUB*94,600#( THICK/WAVEL )#((1,.0/22)#48)%0,.5461E~3
BAMAX* B4CUB#*RADIUS#&2
B11MAY "B1iCUB#RADIUS##4
B22MAX*B22CUB*RADIUS##6
B23MAX*B23CUB#RADIUS##8
WRITE(6, 400 )BACUB, BANAX,B11CUB,B11MAX,B22CUB,B22MAX,B23CUB, B23MAX
400 FORMAT(1H1l 'THE COEFFICIENTS AND .MAXIMUM VALUES OF 'THE ABERRATIONS
1 INTRODUCED BY THE CUBE INTERFERONETER ARE LISTED BELOW!////14X!COE
2FFICIERT!BXIMAX. VALUE'12X'TYPE'//2X!'B(4)'7XE1) .6,7XP12.7,7X!DEFEC
4T OF FOCUS'//2X'B(11)16XE11.6,7XF12,7,7X!3RD ¢HDER SPHERICAL'//2x!
SB(22)'6XE11.6,7XF12.7,7X!STH ORDER SPHERICAL'//2X'B(23)'6XE11.6,7X i
6F12.7, 7X !7TH ORDER SPHERICAL!///)
WRYTE( 6,401 )FNS, THICK, WAVEL )
401 FORNAT(1H !TEST-LENS F/NO, * VF5.,2,15X'CUBE TWHICKNESS = 'F7.3,' MM .
1 11SXYTEST-LIGHT WAVELENGTR = 'E10.4,' MMN!) 2 =
WRITE(6,402)
402 FORMAT(////1K 'NOTE = ONLY ONE-HALF OF EACH OF THE ABOUVE ABERRATIO
INS 1S REMOVED IF THE TEST 3YSTEM IS DOUBLE PASS!)
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700

IF THE CBOSEN VALUE OF RADIUS IS SMALLER THAN THE PULL TEST
APEL.T\''E, THEN THE EFFECTIVE F/N6. IS INCREASED.

THE mi(I,K) MATRIX IS CHANGED TO CORRESPOND TO THE SMALLER
APERTURE BY CHUGSING A SMALLER RADIUS IN THE EXIT PUPIL PLANE
WHERE CENTERING OF THE APERTURE IS AT ( XCEN,YCEN).

ABERRATION COEFFICIENTS DETERMINED FOR FULL APERTURE ARE USED FOR
CONSTRUCTING THE WAVEFRONT FROM THE SMALLER APERTURE.

DO 700 K=2,NSA

D6 700 I1=2,NSA

IP(MI(I,K) .EQ. O) G6 T6 700 -

X*= (1-2)eDELTA ¢ POSY - XCEN

Y*(K-2 )¢DELTA ¢ POSX - YCEN

XX = XaX .

YY*YoY

R ® XX * YY

RR*SQRT(R)

IP(RR .GE. RADIUS) MI(I,K)=0

CONTINUE

CALCULATE PUPIL-FUNCTION PHASE (DE) USING ABERRATION COEFFICIENTS
TT*=0,0

AV®=0.0

1T1°0.0 !

AV1°0,0

TT2+0.0

AV2=0,0

SUMA®0.0

DO 70 K=2,NSA

DO 70 1=2,NSA

DE(I,X)~0,0

IF(MI(I,K).EQ.0) G6 TG 70

X = (I=2)sDELTA * POSY = XCEN

Y*(K=2 )*DELTA¢POSX = YCEN

XX = XaX

YY=YaY

R* XX * YY

DEC(I,K)=B(4 )8R*B(5 )8 (XX-YY)*B(6)#

1 28X8Y*B(7 )#X#R*B( 8)#Y#R*B( 9 )eX#(XX-3#YY)
2 *B(10)sY®(34XX=YY )*B(11 )sR#R*B(12)4(XX=-YY)#R*B(13)#
3 Z2eXeYRR*B(14)8( XX#XX-68XXSYY*YYSYY)*B(15)84eXn
4 Y8(XX~YY)*B(16)eX#R#R*B(17)#Y#R#R
S*B(18 )uXuRe( XX-3#YY )*B( 19 )#Y#Ra( 3aXX-YY)
6*R( 20 )EX#( XX8XX~108XXeYY*S54YY#YY )*B( 21 )aYe( S#XX#XX
7-108XXSYY*YY#YY )*B( 22 )# ReR*R*B( 23 )4 Re#4

REMOVE SYMMETRICAL CUBE ABERRATIONS FROM DE AND DEL VALUES
DE(I,K)*DE(1,K)=(1./PASS)#( BACUB®R*Bl11CUBSR#R*B22CUB#R#R*R *B23CUB#
1Resq)

DEL( X, K)*DEL( I,K)=(1,./PASS)#(BACUB#R*Bl11CUB#R#R*B22CUB#R#R#R*B23CU
) BeRens )

TI1*TTI*DE(I, K )®DE(I,K)

AV1*=AV1*DE(1,K)

REMUVE CONSTANT AND X AND Y TILTS FROM DEL VALUES

DPEL( I,K)=DEL( I,K)=B(1)=H(2)eX-B( 3)eY

AV2=AV24DEL( I,K) .
TTI2*TT2*DEL( I, K )#DEL( I,K) it
CALCULATE DIFFERENCE BETWEEN INPUT AND OUTPUT WAVEFRONTS
V(I K)*DEL(I,K)=DE(I,K)

TTeTT*V(I,K)eV(I,K)
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AV=AV*V(1,K)
SUMA~SUMA®*1.,
70 OONTINUE

WRITE( 6,300)
300 FORNAT(1H] 'RESIDUAL VALUES (V(I,K)), THAT 1S, THE DIFFERENCES BETW
1EEN THE INPUT WAVEFRONT (DEL VALUES) AND OUTPUT WAVEFRONT (DE VALU
2ES)'/' ARE PRINTED BELOGW =-!/' SYMMETRICAL ABERRATIONS INTRODUCED
3BY CUBE HAVE BEEN REMNOVED'//)
WRITE( G, 66) =
PO 301 K=1,32
301 WRITE(6,68)K,(V(I,K),1°2,17) ’
WRITE(6,69)
D6 302 K°1,32 . .
302 WRITE(6,68)K,(V(1,K),I*18,33)
RMSS"SQRT(( TT2/SUNA )~( AV2#AV2)/( SUMA#SUMA))
RKSS"1.0/RMSS
WRITE( 6,112 )RNSS
112 FORNAT(////1H 'RNS OF INPUT WAVEFRONT (DEL VALUES) WITH B(1),B(2),
1B(3), AND CUBE ABERRATIONS, IF ANY, REMOVED = LAMBDA/'F8.S5//)

RMS *SORT(( TT1,/SUMA )=(AV1#AV1 )/( SUKA#SUNA ))
RMS*1.0/RMS
WRITE( 6, 114 )RNS
1164 FORNAT(1H 'RNS 6F ANALYTIC WAVEFRONT (DE VALUES) WITH B(1),B(2), B(
13), AND CUBE ABERRATIONS, IF ANY, REMOVED = LAMBDA/'F8.5//)
RN SR* SORT( ( TT/SUMA )=(AV#AV)/( SUMA®SUNA ) )
RMSR=1,.0/RNSR :
WRITE(6, 113 )RMSR, WAVEL
113 FORMAT(1H 'RMS OF RESIDUAL WAVEFRONT ( DEL-DE) = LAMBDA/'F8.3////30
1X'WHERE LAMBDA = 'E9.4,2X'MM')

C CALCULATE ABERRATIUN TERMNS AT EDGE OF LENS APERTURE

(o FIRST, RENOVE EFFECT 6F CUBE FROM APPROPRIATE ABERRATIONS
IF(CUBE .EQ. 1) GO TG 79
B(4)*B(4)-(1./PASS)#»BACUB
79 B(11)°B(11)-(1./PASS)#*B11CUB
B(22)*B(22)-(1./PASS)#*B22CUB
B(23)°B(23)-(1./PASS)*B23CUB

R1*RADIUS 3
POLYMX(1)*B(1)
POLYMX( 2 )= B( 2 )*R]
POLYNX(3)=B( 3 )R]
POLYMX(4 )=B( 4 )aR1ea2
POLYMX(5 )"B(5)sR1ae2
POLYMX(6 )*B(6 )wR]lna2
POLYNX(7 )=D(7 )*R1ne3
POLYNX(8 )*B(8)sR1#43
\ POLYMX(S )*B(G )#R1a#3
5 POLYMX(10)"B(10)eR1#43 o 3
POLYNMX(11)="B(11)eR1%84
POLYMX(12)"RB(12)eR1%ea <
o POLYNX(13)"H(13)#R1nes
Vg POLYMX(14)=B(14)sR1uss
POLYMX(15)=B(15)eR1asa
POLYKX(16)*B(16)aR188S
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POLYMX(17)=R(17)sR1eeS
POLYMX(1B8)=B(18)sR]18sS
POLYMX(19)"B(19)#R14e5
POLYNX(20)=B(20)eR] %85
POLYMX( 21 )=B(21 )#R1#8S
POLYMX(22)"B(22 )Rl #s6
POLYMX(23)=B(23)#R1#%#8
WRITE(6,80)
De 82 1-1,23
80 FORMAT(1H] 'THE COEFFICIENTS B(Y) FOR THE SET OF 23 POLYNOMIALS WHI
1CH DESCRIBE LENS ABERRATIONS ARE LISTED BEL6GW-=!//! CUBE ABERRATION
28, IF ANY, HAVE BEEN REMOVED FRONM BOTH THE COEFFICIENTS AND THE MA
3X VALUESY////12X'B(1)87X'MAX VALUE OF ABERRATION'14X'ABERRATION!29
AX'POLYNOMIAL'/! 1015X!( B(I)#RADIUS®##N N®1,...,8)'//)
WRITE(6,83)I,B(1),POLYNX(I),NAME1( 1), NAME2( I),NANE3(I),NANEA(I*I~1
1 ), NANMES( I*1-1),NAME6(I*1~1)
83 FORMAT(1H 12,2XE14.6,7XF9.4,26X3A6,20X3A6)
82 WRITE(G, 84 )NAMEA(2#I ), NAMES( 24 ) ,NAMEG(241)
84 FORMAT(1H SBRX3A6)

C EXTRAPOLATE DE VALUES
C EFFECT OF CUBE HAS ALREADY BEEN REMOVED BY PREVIOUS ADJUSTMENT OF
C APPROPRIATE CUEFFICIENTS .
C COORDINATES OF GRID POINTS ARE DETERMINED IN A COORDINATE SYSTEM
C WIT XS TANCENT TO THE FULL CIRCULAR APERTURE
YROUN] *YCEN=-RADIUS
YBOUN2*YCEN*RADIUS
DO 420 K=2,NSA
YGRID(K )="POSX*(K-2,0)#DELTA )
DO 420 I"2,NSA .
IP(YGRID(K) .LT. YBOUN1) GO TG 418
IF(YGRID(X) .GT. YBOUN2) G6 TO 438
X1(K )*XCEN=-SQRT( RADIUS##2 ¢ 2_ #YGRID(K)#YCEN ~-YCEN##2 -YGRID(K )#s2)
X2(K )*XCEN®*SQRT(RADIUS##2 ¢ 2 #YGRID(K)#YCEN -YCEN##2=-YGRID(K )##2)
XGRID( I ,K)*"POSY*(1-2)sDELTA
IP(XGRID(I,K) .LE, Xi(X)) GO TO 418
IP(XGRID(I ,K) .GE. X2(K)) GO TO 418
JP(MI(I,K) .EQ, 1 +OR, MI(I,X) .EQ. 2) GO T8 420
Y=(K=2 )J»DELTA*POBSX - YCEN .
X* (1-2)«DELTA * POSY -« XCEN
YY=Y&Y
XX =XeoX
R *®= XX * YY
DE(I1,K)"R(4 )aR*B(S5)e(XX=-YY)*B(6)»
1 20XeY*H(7 JaXeR*B(8)aYSR*B(9 )eXa(XX~-32YY)
2 *B(10)sYu(38XX=-YY )*B(11)*ReR*B(12)#( XX~YY)®#R*B(13)e» e
3 26XeYSROH(14 )o( XX8XX-68XXYYYYRYY)*B(15)eanXs
4 YO(XX~-YY)*U(16)uXeReR*B(17)aY#ReR A
S5*B(18)aXsRe(XX=-34YY)*R(19)eYeRe( 38XX~-YY)
6¢R( 20 )aX#( XX#XX=10#XX#YY*SaYYRYY)*B( 2] )eYa( SeXX#XX
T=108XXeYY*YY®YY)*B(22 )aReReR*B( 23 )% Resd
NI(1I,K)-2
CH TO 420 F
418 DE(I,K)*0.0
MI(I,K)*0.0
419 IF(MI(I,K) .EQ. 0) XGRID(1,K)"0,.0
420 CONTINUE
360 WRITE(6,396)
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396 PORMAT( 1H1 , "COORDINATE VALUES DEFINING LENS APERTURE ARE PRINTED B

1FLOW -!/' X1 AND X2 ARE APERTURE BOUNDARIES FUR A PARTICULAR Y OR
2 SCAN VALUE'///)

DO 398 K°*1,NSA
398 WRITE(6, 299 )E,YGRID(K),X1(K),X2(K)
399 FORMAT(1HO'SCAN '12,7X 'Y « JF8,3,7X 'x1 = 'F8.3,7X 'X2 ~ 'F8,3)

SUMA®=0.0
SUMB=0.0 .
PO 25 K=1,32 -
Do 25 J=1,32
IF(MI(J,X) .EO., O) GO TO 25
IF(MI(J,K) .EQ., 1) GY TO 18
SUMB=SUNB*1.0
06 10 25

18 SUMA®SUMA®*1.0

2S5 CONTINUE :

SUM®=SUMA*SUMB
ISUM®SUNM
1SUMA® SUMA
1SUMB=SUMB
WRITE(6,890),
890 FORMAT(1H1 !'VALUES OF MI(I,K) ARE PRINTED BELOW -!//! NI = { INDIC
1ATES THAT A VALUE OF FRINGE GRDER P(J,K,N) WAS INTERPOLATED AT GRI
52D PGINT(1,K) tyt N1 = 2'798 V¢ " " ' "
an " i1 EXTRAPOLATED 'V ! (R VI4)
WRITE( 6,691 INI
891 FORMAT(1HO,3213)
WRITE( 6,50 )I1SUM, ISUMA, ISUNB
50 FORMAT(//! TOTAL NUMBER OF GRID POINTS IN THE CLEAR LENS APERTURE

118 '1s,! OF WHICH'//10XIS5,! WERE INTERPOLATED AND 1{15,' WERE
2EXTRAPOLATED!)

WRITE(6,211)

2313 FORMAT(1H) !VALUES OF THE PUPIL-FUNCTION PHASE ARE PRINTED BELoOW =!
1/' TERMS INVOLVING B(1),B(2), AND B(3) HAVE BEEN SUBTRACTED FROM
2DE VALUES'/' DE * 0.0 AT THE CENTER OF THE LENS APERTURE!/! THES
3E VALUES 6F DE DO NOT, GENERALLY, REPRESENT THE PUPIL FUNCTION IN
ATHE PLANE OF BEST F6CUS!///)

WRITE(6,66)
66 FORNAT(1H 2xt1laxt2i7xi3trxiatrxtistrxtet7xt 70 7x'st7xtolext1olexit
g1lexti2text13textiatlextistextietext17l/t xt)
D6 761 K*1,32
761 WRITE(6,68)K,(DE(I,K),1°2,17)
* 68 FORNAT(1H 12,1X16F8,3/)
WRITE(6,69)
69 FORNAT(//1H 2x1J%3x'18'e6xt19lex?20lexi21tlext22t6x'23%6X1246x125106
1X126tl6xt27'6xt28%6x'29'6X13016X131 t6x13286X 1331 /1 V) .
D6 7€2 K°1,32 ]
762 WRITE(6,68)K,(DE(I, K), 1°18,33)

IF(FOCUS .EQ. 1) GO TG 430

CALCULATE PUPIL=-FUNCTION PHASE FOR PLANE OF BEST FOCUS
FIRST, CALCULATE RNS OF DE VALUES, INCLUDING EXTRAPUGLATED VALUES,
FOR PREVIOUS VALUE OF B(a)
AV3=0,0
TT3*0.0

DO 250 X=2,32
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DO 250 1-2,32
DERMS( I, K)*DE(I,K)
IF(MI(I,X) .EQ. O) GO TO 250
AV3*AV3*DE( I,K)
TT3*TT3*DE(I,K)*DE( I, K)
250 CONTINUE
RMSDE( 1 )*SQRT((TT3/SUN)=(AVI#AV3)/(SUN®SUN))
RMSDE(1)*1.0/RMSDE(1)
THE FOCAL POSITION ALONG THE GPTICAL AXIS WILL BE CHANGED IN
INCREMENTS OF THE RAYLEIGH TOLERANCE ON DEFOCUSSING AND THE
RESULTING CHANGE IN B(4) WILL BE CALCULATED
RAYLGH=3,2#( WAVEL/6.283185)#(Z2/RADIUS )##2 ’
FRACT*0.0
299 DO 268 K=2,32
DO 298 1=2,32
298 DE(I,K)"DERNS(I,K)
WRITE( 6, 254 JRAYLGH

254 FORMAT(1H1 'RAYLEIGH TOLERANCE ON DEPTH OF FOCUS FOR TEST LENS IS ¢

1 6R - 'E9.3,% MM'///)
WRITE(6,255)

255 FORNAT(1H 'COEFFICIENT FOR DEPECT OF FOCUS, CORRESPONDING DISTANCE
1 TO FOCAL PLANE, AND RMS OF RESULTING WAVEFRONT ARE LISTED BELOAW -
2'///SX 'INDEX PARAMETER, M'11X'B(4)'13X%Z2(MN)"11X'RMS( LANBDA/VALUE
N

M1 )
WRITE(6,256 )M,B(4),22, RNSDE(1)
256 FORMAT(1H 12XI3,16XE11,.6,7XF8,3,12XF10.5/)
BABEST(1 )*B(4) :
SIGN=}1,.0
FRACT*FRACT * 0,10
2z2(1)-22
257 DO 270 N®=2,25%50
222(M)*2Z2(M~1)=( SIGN#FRACT#RAYLGH )
BABEST( N )*B4BEST(M-1)*( SIGN#FRACT#RAYLGH)/( 2.082ZZ2( M )#WAVEL#
2(2Z2(M )* SIGN#FRACT#RAYLGH))
AVQ'0.0 -
TT4®0.0
PO 260 K=2,32 )
DO 260 I=2,32 E |
IF(NMI(I,K) .EQ. 0) GO TO 260 4
X » (I-2)#*DELTA * POSY - XCEN . %
Y*(K=2 )*DELTA*POSX - “CEN

; YY=YsY

XX = XeX )

R ® YYeoXX

DE(I,K)*DE(1,K)*(BABEST( M)=-B4BEST( M~1))#R

AVA=AVA*DF(I,K)

TTA=TT4*DE( I, K)®DE(I,K)

= P 260 CONTINUE

RMSDE(M)*"SORT((TTA/SUM)=(AVASAVA )/( SUKSSUN) )

RMSDE( M )*1.,0/RNSDE(M)

WRITE( 6, 256 )M, BABEST( M) ,222( M), RUSDE(N)
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" : IF(M .NE. 125) GO T6 270
5 258 SIGN=-1.0

? BABEST( 125 )*B4BEST(1)

e zz2(125)=222(1)
D6 259 K=2,32
D6 259 1-2,32
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259 DE(I,K)*DERMS(I,K)
WRITE( 6, 263)
263 PORNAT(/1H 'FOCUS SHIFT IS SUBSEQUENTLY MADE TO OPPOSITE SIDE OF T
1EST FOCUS POSITION'/)
270 CONTINUE
MMAX =1
RMSMAX*RMSDE(1)
D6 265 N*2,250
RMSMAX "AMAY 1 ( RMSMAX, RMSDE( M) )
IRMSMX“RMSNAX#*1.0E& =
IRMSDE*RNSDE( N )#1,0E6
IF(IRMSDE .GE. IRMSMX) MMAX*M
26% CONTINUE
WRITE( 6, 266 JRMSMAX , MMAX ,FRACT
266 FORMAT(///1H 'THE MINIMUM RMS FROM THE VALUES LISTED ABOGVE IS LAMB -
1DA/'FB.3,' FOR M = '13///1H 'THE FOCAL POSITIGN, Z2, ALONG THE OP
2TICAL AXIS WAS CHANGED IN INCREMENTS OF {F5.2,! OF THE RAYLEIGH TO
3LERANCE 6N DEPTH OF FOCUS!/1H 'HOWEVER, IF N * 125 OR 250, THE INC

4REMENT WILL BE DOUBLED AND THE SEARCH FOR MAXIMUM LAMBDA/RMS REPEA ¥
STED!)

IF(MMAX.EQ.125 .OR. MNAX.EQ.250) GO T6 299

AV4a=0,0

1T4=0.0

DO 269 K=2,32
D8 269 1+2,32
IF(MI(I,K) .EQ. O) GO T6 269
X* (1I-2)#DELTA ¢ POSY -~ XCEN
Y*(K-2 )*CELTA*POSX - YCEN
YY=YaY
XX * XX
R * YY ¢ XX
DE( I,K )=DERNS(1I, x)-(aanssr(uuAX) acnssr(:))-n
AVA=AVA*DE(I,X)
ATA=TTA*DE(I,K)#VE(I,K)
269 CONTINUE
RMSMAX=SORT( (TT4/SUM )=( AVA®AVA ) /( SUN®SUM) )
RMSNAX*1.0/RNSMAX
DEFFOC*BABEST( NMAX )#RADIUS##2
WRITE( 6,440 )RNSMAX , DEFF6C
440 FORNAT(1H1 'VALUES 6F THE PUPIL-FUNCTION PHASE FOR PLANE 6F BEST FO
1CUS ARE PRINTED BELO6W « !/ TERMS INVOLVING B(2) AND B(3) AND CUBE
2ABERRATIONS, IF ANY, HAVE BEEN SUBTRACTED FROUM DE VALUES AND!'/! DE
3*0 AT THE CENTER OF THE LENS APERTURE!//' THE RNS OF THIS WAVEFPON
4T IS LAMBDA/'FB8.3, ' WITH A REMAINING MAXIMUM FOCUS DEFECT OF 'FS,.3
S//)
WRITE( 6, 66) . .
DO 441 KX*1,32
441 WRITE(6,68)K,(DE(I,K),I=2,17)
WRITE(6,69) )
DO 442 K=1,32
! 442 WRITE(6,68)K,(DE(I,K),1"18,33) . -
| SET DEFECT OF FOCUS COEFFICIENT EQUAL T6 VALUE OBTAINED FOR .
WAVEFRONT WITH MINIMUN RMS SO THAT OTF WILL BE CALCULATED IN PLANE
OF BEST FOCUS
B( 4 )*BABEST( NMAX )
SET FOCAL DISTANCE EQUAL T6 DISTANCE TG PLANE OF BEST FOCUS
Z2BEST=2Z2( MMAX )
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430 WRITE(6,421)

421 FURNAT(1H1 ‘CUSRDINATES OF THE GRID POINTS AT WHICH DE(I,K) WAS DET
1ERMINED ARE PRINTED BELOW =l///' NOTE - COORDINATE VALUES oF 0,0 I
2NDICATE THAT THE GRID POINT WAS OUTSIDE THE LENS APERTURE!////)

WRITE(6,422)
422 FORMAT(63X!X-VALUE'/13X'1!sx216xi3t6Xx'alexistoxteloxt7Vextaloxto!
15X110¥5x 111 05x01129s5x0130s5x01415x0 1550 1605X8170 /2X¢K 12X Y-VALUEY)
DO 423 X=2,17
423 WRITE( 6,424 )K,YGRID(K) (XGRID(I,K),1°2,17)
424 FORMAT(1XI2,FB8.2,4X16F7,2/)
DO 425 k*18,33
425 WRITE( 6,424 )K, YGRID(K), (XGRID(I,K),1=2,17)
WRITE(6,426)

426 FORMAT(//63X'X-VALUEl/13Xx'1!sX118vsxl108s5xX0 205121951221 5X1235X
102ats5x 255X 2615X 127185 12815X020905X03005x1 31 05x13205x033! /2
2X'K 12X Y-VALUE')

DO 427 K=2,17

427 WRITE(6,424 )X, YGRID(K), (XGRID(I,X),I°18,33)
DO 428 K=-18,33

428 WRITE(G6, 424 )K,YGRID(K), (XGRID(I,K),I*18,33)

c DETERNINE MAXIMUM AND MININUM VALUES 6F DE T6 BE USED IN
c SUBSEQUENT PLOTTING PROGRANS
DO 450 I=2,NSA
DO A4S0 J=2,NSA
DEVMAX *AMAX 1( DEVMAX,DE( I,J))
450 DEVMIN®AMIN1(DEVMIN,DE(I,J))

$60 RETURN
END .
|
¥ |
.""
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SUBROUTINE CORREL MI, B, DELTA,STF,DE, SUM)
c TBIS SUBROUTINE CALCULATES THE 6TF BY PERFORMING THE
c AUTOCORRELATION OF THE puprL PUNCTION

DIMENSION B( 23 ), DE(32,32), M1(32,32)

COMPLEX V, 6TF(6S,65)

REAL KX, KXY, KXY

SUMS=R(17) » 3.#B(19) ¢ s, 8p(21)
SUM7*B(16) - 3,ep 18) + S_.#B(20)
SUMB*B(16) - B(18) - S.#B(20)
SUMS*B(17) + B(19) - S.#B(2]1)
DIF4=B(13) - 2.#B(15) ) )
DIFS*B(11) - 3.aB(14)

DO 10 L~1,65 0
KX*DELTA®#(L-23 )
A2*KX%82
A3=A2exX
A4= A3uxX
AS= A48k
A6 ASa KX
| A7=A6ekX
AB=A74KX
TERII'B(ZZ)*G.GKX
TERM3=B( 23 )us8, #XX
Dé¢ 10 M=1,33
lY'DELTAb(M-33)
B2*XY##2
B3=B2sxYy
Ba=B3sxy
] BS*=BaA#KY
; B6*BS# XY
B7*B6#KY
< ] B8=RB7«xY
KXY =KX%KY
B2X=B2#KX
B3X*B3xkX
BaX=B4asxy
B2Y*B2sKY
B3Y*RB3sXy
BAY~H4aKy
A2B2* A28 2
A3B2=A3u4RB2
. AAB2=pA4up2
A2B3=A28 B3
A2Ba=A28 By
DIF] *A2-p2
SUN1=A2+Rp : .
A2Y "A2¥KY £
\ A3Y=A3aKY

AAY = A4 sKY
DIF2=R2-A2 .
‘ SUM2*5,8A2 + g2 .

SUNM3~=A2 ¢+ 5,4B2
Fu SUN4=A3 + 3, ep2x
v /] SUNS~3.#4A2Y « p3
DIF3*A3 - 3,aB2x
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TERM2*B( 22 )o6.0KY
TERMA=B( 23 )#8,eKY
TERMS=24 ,#B( 22 )eXXY
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2.,#KX#(B(4) * B(S)) * B(6)#2,8KkY + 2,0KXY#(B(8) * 3.#B(10))
BET )e(3.8A2 © B2 ) * B(9)#3.#DIF1 * B(11)#4,.8(A3 *+ B2X)
B(12)84,.8A3 ¢ B(13)82,#SUNS ¢ B(14)®4,#DIF3
B(15)8(12,%A2Y - 4,8#B3) * B(16)%( S, 7A4 ¢ 6,8A2B2 * Ba)
B(17)84,8(A3Y * B3X) ¢ B(18)%(S.#A8 - 6,8A2B2 =~ 3,%#Ba)
B(19)#8(12,#A3Y ¢ 4,#B3X) * B(20)#S5.%( A4 - 6.,8%A2B2 * Ba)
B(21)#20.,#(A3Y - B3X) ¢ B(22)#6.#(AS * 2,.%A3B2 * BAX)
B(23)8#8,8(A7 * 3.4AS58B2 * 3,#A34BA * KX#B6) ’

B(6)a2,8KX * 2,#KY#(B{(A) - B(S5)) * 2,.,8KXY8(B(7) - 3,8B(S))}
B(8)8(A2 ¢ 3,.8B2) * B(10)e3,#DIF1 * B(11)#a_.8(A2Y * B3)
B(12)s4,#B3 * B(13)e2,4SUMs ¢ B(l4)®a (B3 - 3.8A2Y)
B 15)#4 ,#DIF3 ¢ B(16)ea,#(B3X ¢ A3Y)

B(17)8( A4 * 6.8A2B2 * S.#B4) = B(18)#4 ,#( 3.4B3X ¢ A3Y)
B(19)#(3,8A4 ¢ 6,8A2B2 - 5,8B4) ¢« B(20 )#20.#(B3X - A3Y)
B(21)8S5.#( A4 - 6.8A2B2 * B4) ¢ B(22)%6.8#(A48KY ¢ 2,8A2B3 *BS)
B(23)28.9( AGRKY ¢ 3.,#8AA8B3 ¢ 3_.#A28BS ¢ B7)

2.9KXS(B(8) * 3,#B(10)) ¢ 2,8KYMB(7) - 3.#B(9))

8.%KXY#DIFS ¢ B(13)#6,#5UN1 * B(15)#12,#DIF1
B(16)#4,85UNS * B(17)%4a,4SUM

B(18)812.#(A2Y ¢ B3) * B(19)#12.#(A3 * B2X)

B(20)#20,#( B3 = 3,#A2Y) ¢ B(2.)#20,#DIF3

B(22)#24,4(A3Y * B3X) ¢ B(23)#48,8( AS#KY ¢ 2.#A3#B3 ¢ EKX#BS)

3. 8KXe(B(7) * B(9)) ¢ KY®(B(8) ¢ 3,#B(10))

6. ¢KXY®#(B(13) * 2.#B(15)) ¢ B(11)e2.,{ 3,8A2 * B2)
B(12)86,#A2 * B(14)#6,8DIF]1 * B(16)% 6.#B2X ¢ 10.%B3)
B(17)%2,.8#SUNS * B(1B8)#(10.,#A3 - 6.,8%B2X)
B(19)82,8(9,2A2Y ¢ B3) ¢ B(20)#10,#( A3 - 3,8KXY)
B(21)#10,%( 3, #A2Y = B3) ¢ B(22)83.%(S.#A4 ¢ 6,#A2B2 * B4 )
B(23)84,8(7,2A6 * 15,.%A4B2 ¢ 9,#A2B4 ¢ B6)

EX®(B(7) =~ 3.#B(9)) * 3.,#KY#(B(8: - B(10))
6.4#XXY#DIF4 ¢ B(11)#2,#(A2 * 3.,8#82)
B(12)#6.,#B2 * B(14)#6,#DIF2 * B(16)#2, #SUM4
B(17)#(6.,#A2Y ¢ 10,#B3) = B(.18 )#2,84(9, #B2X * A3)
B(19)#( 6,#A2Y = 10.,#B3) ¢ B(20)810,%(3,#KXY - A3)
P(21)8#10.,#( B3 « 3,#8A2Y) ¢ B(22)e3.,#(A4 * 6,8A2B2 * S5.eBA)
B(23)%84,4( A6 * G,2AAB2 ¢ 15,.8#A2B4 ¢ 7,#B6)

P
Y

4, #KX#(B(11) ¢ B(12) * B(14)) * 2.#kY#(B(13) * 2.,#B(15))

4, #KXY® SUME * B(16)#2,#SUNM2
B(18)#2,8(5,%A2 = B2) ¢ B(20)#10,#DIF1

B(22)%(20,#A3 * 12,#B2X) * B(23)#(56.#A5 * 80,.#A3B2 *+24,#BaAX)

2.#KX#DIF& * A,8KY#(B(11) - B(12) * B(14))

‘A #KXY®SUMT ¢ B(17)82,8SUM3
B(19)#82.4( A2 « 5.8B2) * B(21)#10,#DIF2

B(22)#( 12,8A2Y * 20.#B3) * B(23)#(24,.%AAY * BO0.#A2B3 *56,#85)

6. #KX#(B(13) * 2.,#B(15)) * 4&,#KY#DIFS

¢ 12.#KXY®SUNB * B(17)e6,.88UM]
B(19)83.#8(6,%A2 ¢ B2) * B(21)#30,#DIF}
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3 ¢ B(22)812.8(3,9A2Y ¢ B3) ¢ B(23)824,8(5,8A4Y ¢ 6,.8A2B3 ¢ BS)

Cl10 * 4,eKX#DIFPS * 6,¢KYMB(13) - 2,8B(15))
1 * 12,8KXY#SUNS * B(16)86,88UN1
2 e B(18)26.%(A2 ¢ 3,8B2) * B(20)#30,#DIF2
3 ¢ B(22)812.8(A3 ¢ 3,8B2X) ¢ B(23)624,4(AS * 6,8A3B2 ¢ S.#BAX)
Cl11 °® 6.3 IX®SUMB * KYSSUNG) * B(22 )#18,«SUMI
) o B(23)8(60,.%AA * 216,%A2B2 * 60,4B4)
C12 = S, #KXs(B(16) * B(18) * B(20)) ¢ KY#SUNG * B( 22)%3,#SUNM2
| * B(23)8(70.8A4 * 60.8#A2B2 * 6.%B4)
€13 = EXeSUM7 * S,eKY®(B(17) = B(19) * B(21)) * B(22)s3,sSUMN3
1 ¢ B(23)»(6.2A4 ¢ 60,%A2B2 * 70,%Ba)
C14 * 4.8 KX#SUMS ¢ KY#SUMB) * B(23)#(S6.#B3X * 160.8A3Y) * TERMS
C15 = A.8(EX8SUN9 * KY®SUN7) ¢ B(23)#(160.#B3X * 96,#A3Y) * TERNKS
C16 = TERMI * B(23)#(S56.8A3 ¢ 24,8B2X)
€17 = TERM2 * B(23)#(24,.%A2Y * 56,#R3)
C18 = 2,eTERNMI * B(23)#(80,#A3 * 144,#B2X)
C19 = 2,TERK2 * B(23)#(144,.#A2Y * 80,#B3)
C20 = TERM2 ¢ B(23)#24.%(S5,#A2Y ¢ B3)
€21 * TERM1 ¢ B(23)#24.%(A3 * S,#B2X)
C22 = B(23)#a.8(7.,8A2 ¢ B2)
€23 = B(23)#4,8(A2 ¢ 7.,8B2)
C24 * B(23)#48,4KXY
C25 = C2a
C26 = B(23)#(60.#A2 * 36,¥B2)
€27 = B(23)8(36.%A2 * 60.4B2) .
€28 = TERN3 .
C29 * TERMA
€30 * C29
€31 = c28
Cc32 = 3,eC28
€33 = 3,8#C29
€34 = C33
C35 = C32 .

100 CONTINUE

D6 10 J=1,32
X*DELTA#(J=-13)

X2=X*X

X3=X2#X

X4=X38X

XS5*XasX

X6=X5#X

X7=X68X

DO 10 K=1,32

IF(MI(J,K) .EQ., 0) GO TG 10
IN®J*L-33

IF(IN,GT.32 .6R. IN.LT.1) GO T6 ‘10
IN®"K*N-33 -
IF(IM.GT.32 .9R., IM.LT.1) GO TGO 10
IF(MICIN,IN) .EQ, O0) GO TG 10O
Y=DELTA®(K~-13)

Y2=YeY

Y3=Y2eY
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4 YA=Y3eY
YSeYanY
Y6 YSeY
Y7*Y6aY
XY*XoY
. YX2=YeX2
XY2°X8Y2
X2Y2°X28Y2
YX3=YsX3
XY3*XeY3 o
X3Y2°X3#Y2
X2Y3*X28Y3
XYA=XoY4A
X4Y X4sY
X2YA*X28Y4
XAY2=X48Y2
X3Y3°X3#Y3
XYS=XeYS
XSY=XSeY
X2YS*X2YS
XSY2°XS58Y2
XY6=X0Y6
XOY=X68Y C ,
VV = 6.283185%(DE( IN,IN) = DE(J,K})
A*COS(YV)
2 DeSIN(VV)
V=CMPLX( A,D)
V1 * 6.283185#(C2 ¢ C48Y * Cl08Y2 <C158Y3 *C214YA ¢ C258Y5 +C31eY6
¢ 2,8(CS8X ¢ COSXY * Cl1#XY2 ¢ C198#XY3Z ¢ C27#XY4 ¢ C33eXYS)
* 3,8(C78X2 * Cl4sYX2 * C184X2Y2 * C35#X2Y4)
¢ 4,8(C128X3 ¢ C208YX3 * C26#X3Y2 ¢ C34#X3Y3)
* 5,8(C168X4 * C248X4Y * C32#X4Y2)
* 6.8(C228X5 * C308XSY) ¢ T7,#C28%X6)
DI1=V1sDELTA/2,0
D1 ABS* ABS( D1 ) :
IF(D1ABS .LE. .001) GO TO 6
IF(DI1ABS .GE. 1.0E*3) GO TO 10
SINC1~SIN(D1? )/D1
G6 10 7
| 6 SINC1=1.00
GO T6 7
7 V2 = 6.283185#(C3 ¢ CASX * C9#X2 +C14#X3 *C20#X8 *C24#XS * C30#X6

[ R T

1 ¢ 2,8(C68Y ¢ ClO8XY ¢ C1l1#YX2 ¢ ClB#YX3 ¢ C26#X4Y ¢ C32#XS5Y)
2 ¢ 3,8(CB8Y2 ¢ C156XY2 * C19#X2Y2 ¢ C348X4Y2)
S 3 ¢ 4,.0(C13#Y3 ¢ C21#XY3 ¢ C27#X2Y3 * C35#X3Y3)
'y ¢ 5, 8(Cl70Ya ¢ C258XY4 * C33#X2Y4)
5 ¢ 6.,8(C238Y5 ¢ C318XYS) ¢ 7,#C250Y6) i
'\ ! D2=V2#DELTA/2.0
D2 ABS® ABS(D2) .
S IF(D2ABS .LE. ,001) GO TO 8 i
$ IF(D2ABS .GE. 1.0E*3) G6 TO 10
' SINC2*SIN( D2 )/D2
i W . GO 160 ©
; i . 8 SINC2"1.00
i GG 10 9

9 OTF(L,M)"OTF(L,M) ¢ VeSINCl#SINC2
10 CONTINUE

Ea

e

159




-

C USE SYMMETRY OF MTF ABOUT L=33, N*33 TG DETERMINE OTHER HALP OF
C OTF VALUES

De 60 J=1,33
DO 60 I=1,65
FeREAL(OTF(65-1¢1,33-J¢1))
G==AIMAG(OTF(65-1+1,33-J°1))
60 OTF(I,33¢J-1)"CNPLX(F,G)
DO 40 M=1,65
DO 40 L=1,65 .
40 OTP(L,M)=OTF(L,M}/SUM ~
RETURN
END
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DR P F—

B

11

13
14

18

16

17
16
19
20

100

600

700
500
200

SUBROUTINE INVERT (A,N) .
MATRIX INVERSION BY GAUSS-JORDAN ELIMINATION
DIMENSION A(23,23),B(23),C(23),L2(23)
DO 10 J = 1,N

Lz(J) = J

DG 20 I * 1,N

k-1

Y = ACIT) -

LP = 1 ¢ 1 5

IF (N = LP) 14,11,11

D6 13 J = LP,N

¥ o= ACLJ)

IP (ABS(W) - ABS(Y)) 13,13,12
K-J

YW

CONTINUE

DO 15 J = 1,N

C(J) = AWI,K)

ACJI,K) = A(J, 1)

AJ,T) = «C(J) / Y

AMI) * AMIJI) /7 Y

B(J) = A(L,J)

ACI,I) = 1,0/ Y

J * LZ(1)

LZ(I) * LZ(K)

LZ(K) = J

DG 19 K = 1,N

IF (I - K) 16,19,16
D6 18 J * 1,N
IP (I - J) 17,18,17

AC(K,J} = A(E,J) = B(J) # C(K)
CONTINUE

CONTINUE

CONTINUE

D6 200 I = 1,N

IF (I - 1Z(I)) 100,200,100
K=1I-e+1 3

DO 500 J * K,N

IF (I - 12(J)) 500,600,500
M= LZ(I)

LZ(I1) = LZ(J)

12¢(J) = M

D6 700 L * 1,N

C(L) = A(1L,L)

ACI, L) * A(J,L)

ACJ,L) = c(L)

CONTINUE

CONTINUE

RETURN

END

e o
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SUBROUTINE SPLICO(X,Y,M,C)

c IN1S SUBROUTINE DETERMINES CONSTANT COEFFICIENTS C(I,K) OF SPLINE-
C PITTED CURVE WHICH PASSES THROUGH DATA POINTS
DIMENSION X(32),Y(32),D(32),P(32),E(32),C(4,32),A(32,3),8(32),
12(32)
MM=M=-})

DO 2 K*1, MM
D(K)=X(K*1 )=X(K) .
P(K)"D(K)/6. &
2 EB(K)*(Y(K*1)-Y(K))/DXK)
PO 3 X=2,MM
3 B(K)"E(K)-E(K-1) ' :
AC1,2)°=1.~D(1)/D(2)
AL1,3)*D(1)/D(2)
A(2,3)=P(2)=P(1)#A(1,3) S
A(2,2)°2,8(P(1)%P(2))=-P(1)®A(1,2)
AC2,3)°A(2,3)/A(2,2)
B(2)*B(2)/A(2,2)
DG 4 K=3,MM 1
ACE,2)=2,8(P(K=1)*P(K))=P(K~-1)8A(K~1,3)
B(K)=B(K)-P(K-1)#B(K-1)
ALK,3)*P(K)/A(K,2)
4 B(X)*B(K)/A(K,2)
. Q*D(M~2 )/D(MN=-1)
A(M,1)°1,%0¢A(N=2,3)
A(N,2)°=Q=A(N,1)®A(N-1,3)
B(M)*B(M=2)-A(M,1 )2B(M=1)
Z(M)"B(M)/A(M,2)
MN*M-2
DO 6 I*1,MNN
K*N-1
6 Z(K)*B(K)=A(K,3)8Z(K*})
Z(1)°=A(1,2)82(2)=A01,3)e2(3)
D6 7 K=}, MM '
Q=1./(6.4D(K))
C(1,K)*Z(%)*Q
c(2,K)*2(K*1)#Q
C(3,K)"Y(K)/D(K)=Z(K)eP(K)
7 C(4A,K)*Y(K*1)/D(K)=Z(K*1)aP(K)
RETURN
101 FORNAT(2E12.4)
END

PR~ 2
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SUBROUTINE SPLINE(X,Y,M,C,XINT,YINT,4,N,KDUM)

THIS SUBROUTINE USES COEFFICIENTS FROM SUBROUTINE SPLICO TO

CONSTRUCT CURVE THROUGH DATA AND THEMEFROM TO INTERPOLATE FPRINGE

DEVIATIONS AT SELECTED GRID POINTS

DIMENSION X(32),Y(32),C(4,32)

XK*KDUM
IF(XINT=-X(1))7,1,2
YINT®Y(1)

RETURN

| S5

TP(XINT-X(K*1))6,4,5 ’

YINTeY(K°1)

RETURN

s Kk*K°1}
IP(XINT-X(N))3,8,7

6 YINT*(X(K*1)=-XINT)®(C(1,K)e(X(K*]1)-XINT)#82°C(3,K))
YINTYINT*(XINT=X(K))#(C (2,K)#( XINT-X(K))sa2°C(4,K))
RETURN

8 YINT=YO0N)
RETURN

7 WRITE(6,101 )XINT,KK,N

103 FORMAT(1H 'XINT = !F7.3,5X'FOR SCAN 112, AND FRAME'I2/)

RETURN 7
END

L1
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SUBROUTINE SPECSP(X,Y,M,C, XINT,YINT ,N,KDUM)
TBIS SUBROUTINE USES COEFFICIENTS FROM SUBROUTINE SPLICO TO
CONSTRUCT CURVE R SPECIAL CAQE IN WHICE ONLY TV
FRINGE=PEAK LOCAT SCAN AND TBEREFROM TO
INTERPOLATE FRINGE DEVIATIONS AT SELECTED GRID POINTS
DIMENSION X(32),Y(32),C(4,32)

KK=KDUM

IF(XINT=X(1))7,1,2

YINT=Y(1)

RETURN

K1

IF(XINT-X(K*1))6,4,5

YINT*Y(K*1)

RETURN

K"K*1

IF(K .LT. ¥) G8 TO 3

K-K-1
vtut-(X(xox)-xxnr)-(ct1.:)-(x(x~1)-xxur)--zoC(a.x))
YINT=YINT*( XINT-X(K))e(C (2,K)#( XINT-X(K))#a2+C(4,K))
RETURN
x-1
GO T0 6

END
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